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ABSORPTION OF VITAMIN A AFTER THORACIC DUCT 
LIGATION IN THE RAT! 


T. K. MuRRAY AND H. C. GRICE 


Abstract 


Ligation of the thoracic duct of rats did not affect the extent and rate of absorp- 
tion of vitamin A. After the vitamin had been administered orally, its concentra- 
tion in portal blood was greater than in aortic blood of rats with ligated thoracic 
ducts. No such differences were observed in normal rats. It thus appeared that, 
when the lymphatic path was blocked, vitamin A entered the liver by way of 
the venous system. 


It has been shown that lipids (1), including vitamin A (2), are absorbed 
mainly via the lymphatics. Recently, however, Annegers reported (3) that 
thoracic duct ligation in the rat did not interfere with the absorption of oleic 
acid and olive oil as measured by fecal excretion. He concluded that alternate 
pathways for lipid transport became available within a few hours of thoracic 
duct ligation but he did not identify these pathways. The extent and rate of 
absorption of vitamin A are accurately reflected by its storage in the liver and 
seemed to offer a critical means of studying the effect of thoracic duct ligation 
on lipid absorption. The following is an account of such studies. 


Materials and Methods 


Adult, female rats of the Wistar strain were used throughout these experi- 
ments. They were judged to be deficient in vitamin A by examination of their 
vaginal smears and were fed a vitamin A free diet (4) throughout the test period. 
Ligation of the thoracic duct was accomplished through an abdominal incision 
posterior to the last rib and extending from the midline to the quadratus lum- 
borum muscle. The duct was ligated with cotton thread just anterior to the 
cisterna chyli. All animals received postoperatively an intramuscular injection 
of 2000 I.U. Procaine Penicillin G and 2 mg of dihydrostreptomycin sulphate. 


‘Manuscript received February 27, 1961. 


Contribution from the Food and Drug Laboratories, Department of National Health and 
Welfare, Ottawa, Ontario. 
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Doses of vitamin A, either corn oil dilutions of reference standard vitamin A 
acetate or of a vitamin A palmitate concentrate, were given orally with a 
tuberculin syringe and blunted needle from 1 to 3 days after ligation of the 
thoracic duct. Rats were killed by decapitation. In cases where the dose of 
vitamin A had been given 24 or 48 hours previously, a 0.2-ml dose of corn oil 
was given to facilitate evaluation of the success of the ligation. Livers were 
removed and frozen until analyzed for vitamin A by the method of Ames, 
Risley, and Harris (5). Samples of aortic and portal blood were obtained from 
rats anesthetized with Nembutal. A midline incision was made from the 
xyphoid cartilage to the angle of the pubis, and the abdominal aorta was 
exposed by blunt dissection. A ligature was placed loosely about the vessel 
approximately 3 cm above the bifurcation of the common iliac arteries. A 
22-gauge needle was introduced into the aorta just anterior to the iliac bifurca- 
tion and 2.5 to 3 cc of blood was drawn into a syringe containing sufficient 
heparin to prevent clotting. This was accomplished in 2 to 3 seconds, after 
which the ligature was tightened around the aorta and the needle was simul- 


taneously withdrawn. This prevented further loss of blood from the aorta and 
blocked off the blood supply to the hind limbs so that an adequate supply of 
blood to the abdominal viscera was assured. A 22-gauge needle was then 
directed posteriorly into the portal vein and 2.5 to 3 cc of blood was slowly 
withdrawn into a syringe. When this technique was employed, no difficulty 
was encountered in obtaining 5 to 6 cc of blood from the rat. Vitamin A was 
determined in the plasma by the antimony trichloride method after saponi- 
fication and extraction with ethyl ether. 


Results and Discussion 
Table I presents results which show that ligation of the thoracic duct did not 
significantly change the amount of vitamin A stored in the liver 48 hours after 
an oral dose. The results at 2 and 5 hours after dosing suggested that the rate 
of absorption was not affected by ligation. This behavior could be explained 
TABLE I 


Liver storage of vitamin A in rats with ligated thoracic duct 

















1.U./liver 
Ligated Control 
Mean Range Number Mean Range Number 
Hours after oral 
dose of 20,000 I.U. 
2 1160 855-1475 (2) 1170 1030-1290 (4) 
5 3460 2840-3900 (4) # 3695 3325-4010 (4) 
24 7065 6150-7850 (3) 6455 5125-7750 (5) 
18 7260 5375-8990 (5) 7290 5300-9225 (5) 


Hours after oral 
dose of 2000 I.U. 
48 1300 880-1530 (9) 1475 1245-1610 (7) 
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by the existence of other lymphatic pathways. Job (6) reported that direct 
lymphatic connections to the portal vein were found in 27% of the rats he 
examined. We found no alternative pathways of this type by gross examination 
or with the aid of a stereoscopic microscope. Confirmation of this was obtained 
by clamping the thoracic duct and injecting India ink into the mesenteric lymph 
duct of 15 rats. In none of these rats did the ink reach the liver. In rats with a 
patent thoracic duct the ink reached the liver within a few seconds of its injec- 
tion. 

Another possibility was absorption of vitamin A by the portal system when 
all lymphatic pathways were blocked. If this were so, the concentration of 
vitamin A in portal blood should be greater than in the general circulation for 
the period of vitamin A absorption. Tables II and III show the vitamin A 


TABLE II 


Concentration of vitamin A in the portal and aortic blood 
and in the liver of rats with ligated thoracic ducts after 
an oral dose of 200,000 I.U. 








Vitamin A concentration 





Difference 
Minutes Portal blood Aortic blood —! Liver 
after dose (I.U./100 ml) (1.U./100 ml) (1.U./100 ml) (1.U./liver) 





160 1540 740 800 220 
170 3090 2420 670 2550 
190 1600 1640 —40 9750 
250 3570 2060 1510 3700 
265 2870 2350 520 3000 
285 4490 2600 1890 4050 
295 2970 3030 —60 3950 
330 1750 1730 20 3180 
360 1500 1300 200 2750 
370 950 1100 —150 4300 
375 1240 1030 210 4950 
Mean +510 3850 
t 2.50* 





*Significant at P = 0.05. 


concentration in samples of aortic and portal blood of rats with ligated thoracic 
ducts and in control rats during the hours immediately following a large oral 
dose of the vitamin. The portal blood of rats with ligated thoracic ducts con- 
tained, on the average, a higher concentration of vitamin A than did blood from 
the aorta. The significance of this was established by a “‘?’’ test for paired 
differences between the two samples of blood from each animal. In contrast 
there was no significant difference in the vitamin A concentration of portal and 
aortic blood of control rats. In confirmation of the earlier experiment there was 
no difference in the amount of vitamin A stored in the liver by the two groups 
in the few hours immediately following dosing. 

These results indicated that the lymphatic system could be blocked at the 
thoracic duct without interfering with vitamin A absorption. This is in contrast 
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TABLE III 


Concentration of vitamin A in the portal and aortic blood 
and in the liver of non-ligated rats after an 
oral dose of 200,000 I.U. 


VOL. 39, 1961 








Vitamin A concentration 





Difference 





Minutes Portal blood Aortic blood P—-: Liver 
after dose (1.U./100 ml) (1.U./100 ml) (1.U./100 ml) (1.U./liver) 
125 1590 1630 —40 4050 
155 690 750 —60 1130 
175 3210 3530 —320 4300 
180 2640 2780 —140 1850 
190 2010 2140 —130 3180 
210 1020 1080 —60 1500 
270 2400 2010 390 9130 
330 720 800 —80 6650 
370 1540 990 550 2750 
380 1860 2170 —310 2750 
Mean — 200 3730 
t 0.22 


to the effect of cannulation of the thoracic duct, which prevented completely 
the storage of vitamin A in the liver (7). Portal blood contained more vitamin A 
than did blood of the general circulation when the thoracic duct was ligated 
but this was not the case in normal rats. Thus it appears that the portal system 
is an important alternative route for the absorption of vitamin A and probably 





other lipids when the normal pathway via the lymph is blocked. 


The authors wish to acknowledge the technical assistance of Mrs. Paula 
Erdody, the statistical analysis of Mr. J. M. Airth, and the advice of Dr. J. A. 


Campbell. 
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STUDIES ON WHEAT PLANTS USING CARBON-14 COMPOUNDS 
XV. UTILIZATION OF SERINE-1-C* AND SERINE-3-C" ! 


W. B. McConNELL AND A. J. FINLAYSON 


Abstract 


Thirty-five per cent and 43% of the carbon-14 from pt-serine-1-C™ and 
L-serine-3-C™, respectively, were found in the mature kernels of wheat plants to 
which the above tracers were administered by injection into the stem during late 
stages of growth. Total recoveries of carbon-14 in upper portions of the plant were 
40% and 35% respectively. Radioactivity was extensively distributed among 
major kernel components with protein fractions having a somewhat greater 
specific activity than starch and ether-soluble material. Carbon-14 from both 
tracers was incorporated into all of the protein amino acids isolated, notable 
features being an extensive labelling of carboxyl carbon of glycine when DL-serine- 
1-C™ was used and preferential incorporation of serine carbon-3 into histidine. The 
results are in accord with the view that conversion of serine to glycine occurs 
largely by loss of serine carbon-3 and that little or no glycine is formed from 
serine via decarboxylation. 


Studies in this laboratory have shown that the commonly occurring inter- 
conversion between glycine and serine (1) readily takes place in maturing 
wheat plants (2, 3). The formation of serine from glycine appears to proceed 
by condensation of the latter with ‘‘active formaldehyde” (4, 5, 6). However, 
there are at least two possible pathways by which serine may be converted to 
glycine. One of these is direct reversal of the reaction mentioned above, glycine 
being derived from carbons 1 and 2 of serine with a concomitant release of 
carbon-3. Another possibility is decarboxylation of serine, carbons 2 and 3 
then appearing as ethanolamine (7, 8), which could be converted to glycine by 
way of methyl derivatives, choline and betaine (1). According to this scheme, 
carbon-3 of serine becomes the carboxyl group of glycine, and then on recon- 
version of glycine to serine it becomes located at position 1 of the latter amino 
acid, i.e. there is transfer of carbon from position 3 to position 1 of serine. The 
over-all effect of interconversion by this cyclic pathway would be oxidation of 
one-carbon fragments to carbon dioxide. 

The present communication reports on the labelling of amino acids from 
wheat kernel proteins following the administration of DL-serine-1-C' and 
L-serine-3-C“. The primary objective was to obtain information concerning 
the mode by which the serine was converted to glycine. It is deduced that 
reversal of the condensation reaction occurs extensively by loss of serine 
carbon-3 and that, if glycine formation from serine by decarboxylation occurs 
at all, the pathway is of minor importance. 


‘Manuscript received February 8, 1961. 


Contribution from the National Research Council of Canada, Prairie Regional Laboratory, 
Saskatoon, Saskatchewan. 
Issued as N.R.C. No. 6318. 
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Experimental 


Wheat plants (Thatcher) were seeded in a field plot May 18, and 74 days 
later (July 31) 0.1 ml of tracer solution was injected into the top internode of 
selected tillers according to methods previously described (2, 9). DL-Serine- 
1-C was given at the rate of 0.11 mg and 8.14 ye per plant, and L-serine-3-C™ 
at the rate of 0.12 mg and 4.34 uc per plant. The plants were allowed to mature 
fully in the field and harvested 33 days after the injection (Sept. 2). Heads 
were separated from stem and leaf and after being dried in vacuum at 40° C 
for 36 hours the kernels were separated from chaff and rachis and leaf was 
separated from the stem. Corresponding parts from six plants given DL-serine- 
1-C'* were pooled, ground to pass a 40-mesh screen, and again dried at 40° C 
for 48 hours. Parts from seven plants given L-serine-3-C™ were treated similarly. 

Methods for fractionating the ground wheat and for isolating, purifying, 
and degrading the amino acids have been previously described (10, 11, 12). 
Carbon-14 was determined by counting carbon dioxide obtained by wet com- 
bustion of samples. (The Dynacon Vibrating Reed Electrometer, Nuclear- 
Chicago, was used.) Specific activity values reported have been multiplied by 
the appropriate factor to make results with the two tracers comparable and 
the same as they would be if carbon-14 was administered at the rate of 10 yc 
per plant. : 

Results and Discussion 


About 40% of the carboxyl carbon of DL-serine-1-C' was retained in upper 
portions of the mature wheat whereas about 55% of the carbon-3 of L-serine 
was retained (Table I). Kernels make up most of the weight collected and 


TABLE I 
Carbon-14 content of plant parts 


DL-Serine-1-C™ L-Serine-3-C™ 














Plant Wt./plant C* content Wt./plant C* content 
part (g) (% C™ administered) (g) (% C™ administered) 
Kernel .90 35 .98 43 
Chaff .19 1 Fe 2 
Rachis .05 1 .05 2 
Stem me 2 .18 7 
Leaf ae 1 .15 1 
Total 40 55 





since they were also of relatively high specific activity they account for much 
of the carbon-14 recovered. Results with both tracers thus reflect the tendency 
for injected metabolites to accumulate in thé kernel and, in this respect, are 
similar to earlier studies with other labelled compounds (3, 10). The difference 
between the incorporation of the two tracers is largely accounted for by a 
greater incorporation, into kernels, of carbon-3 of L-serine than of carboxyl 
carbon of pL-serine. The large difference in the amount of carbon-14 remaining 











acca Da 
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in the stem may reflect differences in the metabolic fate of the two serine carbons 
involved. However, it was into this portion of the plant that the injections were 
made and the differences noted may merely reflect imperfections in the labelling 
technique. For example, the carbon-14 content of the mature stem might be 
markedly increased by adsorption on the exterior of tracer that accidently 
escaped from the wound made during injection. 

Both tracers caused labelling of all kernel components isolated and the 
distribution of carbon-14 was similar with both compounds (Table I1). Al- 
though protein, as expected in feeding amino acids, had relatively high specific 


TABLE II 


Distribution of carbon-14 in kernel components 














DL-Serine-1-C" L-Serine-3-C™ 

Kernel Yield Sp. act. % kernel Sp. act. % kernel 
component % kernel wt. (uc/mole COz) Cc“ (uc/mole COs) Cc 
Kernels 100 103 100 i14 ~ 100 
NaOH soln. protein 11 114 14 170 18 
Salt soln. protein 5 117 4 131 3 
Starch 62 90 55 108 56 
Bran 10 74 7 77 7 
Ether-soluble 2 86 2 138 2 
90 82 86 





activity, the amount isolated was only about 11% of kernel weight and hence 
contained less than one fifth of the carbon-14 present. Starch is more abundant 
in the kernel and thus, despite a somewhat lower specific activity, it contained 
more than one-half of the total carbon-14 in kernels. Serine, evidently, is a 
good carbohydrate precursor. 

Both serine and glycine of kernel protein were highly labelled when DL-serine- 
1-C" was given (Table III). Although the specific activity of the glycine is 
considerably greater than that of the serine, when expressed as carbon-14 per 
unit of carbon, it is slightly lower when expressed in terms of carbon-14 present 
per mole of amino acid (serine 2370, glycine 2300 yc/mole). Other amino acids 
are much lower in specific activity, the most active being alanine with a carbon- 
14 content about 1/10th that of serine. 

The protein serine was also highly radioactive when serine-3-C™ was given 
but the specific activity of glycine was low and of the same order of magnitude 
as other amino acids. These results give no evidence for a “‘direct”’ incorpora- 
tion of carbon-3 of serine into glycine. Rather the data in Table III confirm 
the earlier observation that serine is readily converted to glycine (3) and 
support the idea that it occurs by loss of carbon-3 of serine rather than by 
decarboxylation. In harmony with this suggestion is the finding that histidine 
was the second most radioactive amino acid isolated from protein labelled with 
serine-3-C™, Although the specific activity of histidine expressed in terms of 
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TABLE III 
Specific activity of amino acids 

Specific activity (wc/mole CO2) | Specific activity (uc/mole CO.) 
Amino acid pL-Serine-1-C'* L-Serine-3-C™ || Amino acid pt-Serine-1-C™ L-Serine-3-C" 
Glutamic acid 90 140 Serine 790 1010 
Proline 82 150 Alanine 120 234 
Arginine 47 190 Valine 49 72 
Aspartic acid 38 95 Leucine 47 — 
Threonine 51 107 Isoleucine 41 130 
Glycine 1150 180 Histidine 60 252 











unit carbon is considerably lower than that of the serine, its specific activity, 
when expressed as carbon-14 per mole of amino acid, is about half that of 
serine. Furthermore less than 6% of this carbon-14 was in the carboxyl group. 
Active formaldehyde has been shown to provide the amidine carbon of histidine 
(4), and also to act as a precursor of the methyl group of methionine. Methio- 
nine is present only in small amounts in wheat gluten, and unfortunately 
attempts to isolate and purify it in quantity sufficient for radioactive measure- 
ments were not successful. It may be noted, however, that appreciable carbon- 
14 entered methionine in previous experiments with formate-C" (2) and with 
uniformly labelled serine (3). 

Specific activities of the carboxyl groups of isolated amino acids were also 
determined and, in general, indicate that carbon-1 of serine labelled carboxy] 
carbons of amino acids slightly more than it labelled other carbons, whereas 
carbon-3 of serine was incorporated into the noncarboxyl carbons of amino 
acids to a greater extent than into carboxyl groups. Thus the ratio of specific 
activities of carboxyl carbons to specific activity of the amino acids, when 
averaged for all amino acids isolated except glycine and serine, was 1.4 when 
DL-serine was fed, and 0.24 when L-serine-3-C™ was given. 

When carboxyl-labelled serine was fed, the carboxyl carbon of glycine had a 
specific activity of 1860 uc/mole CO, and thus accounted for more than 80% 
of the carbon-14. Similarly, the carboxyl group of serine, isolated from kernel 
protein following feeding of pL-serine-1-C", was heavily labelled. Further 
degradation revealed that carbon-2 contained about 8% of serine carbon-14 
and that carbon-3 was of even lower specific activity. 

Serine isolated from protein after administration of L-serine-3-C" was highly 
labelled in position 3 (95% of the total). Glycine, as noted, was much more 
weakly labelled and had about four fifths of its carbon-14 in position 2. 

Since carbon-1 of serine appeared extensively as the carboxyl carbon of 
glycine whereas carbon-3 was incorporated into glycine to only a small extent, 
the results are in accord with the view that glycine-serine interconversion in 
wheat takes place by the following reactions: 
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COOH "<>" COOH 
| + | = 
H,C—NH:, H—C—H H—C—NH: 
H:C—OH 
active 
glycine formate serine 


They provide no indication that glycine is formed from a two-carbon fragment 
generated by decarboxylation of serine. Thus, the extensive interconversion 
of glycine and serine noted does not result from an energy-yielding cycle which 
oxidizes one-carbon fragments to carbon dioxide. 
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THE ROLE OF PLANT PHENOLIC COMPOUNDS IN THE 
OXIDATION OF REDUCED DIPHOSPHOPYRIDINE 
NUCLEOTIDE BY PEROXIDASE! 


O. L. GAMBorG, L. R. WETTER, AND A. C. NEISH 


Abstract 


Horse-radish peroxidase and dialyzed extracts from pea epicotyls and from 
spruce shoots oxidized reduced diphosphopyridine nucleotide in the presence of 
p-coumaric acid. Maximum activity was obtained when hydrogen peroxide, 
Mn*, p-coumaric acid, and enzyme were present. p-Hydroxyphenylpropionic 
acid, p-hydroxyphenylpyruvic acid, tyrosol, or resorcinol could replace p-coumaric 
acid as the phenolic activator but they were less efficient. Ferulic and sinapic acids 
were competitive inhibitors while chlorogenic acid, caffeic acid, and hydroquinone 
were non-competitive inhibitors of the reaction. The oxidation of the reduced 
coenzyme was inhibited by citrate and pyrophosphate, enhanced by versene, and 
delayed by ascorbic acid, cysteine, and reduced glutathione. The results indicate 
that the peroxidase system may be identical with the enzyme system which 
oxidizes indoleacetic acid. 


Introduction 


Derivatives of cinnamic acid are of widespread occurrence in higher plants 
(1, 2). They have been shown to be derived from tyrosine (3, 4) or phenyl- 
alanine (5) by deamination and subsequent hydroxylation and methylation 
(6, 7). Some of these compounds are precursors of lignin monomers, flavanoids, 
and phenolic aglycones (8). The work of Gortner and Kent has established 
that these compounds are involved in the oxidation of indoleacetic acid (IAA) 
by indoleacetic acid oxidase (9). The enzyme was activated by p-coumaric acid 
and inhibited by ferulic, sinapic, caffeic, and chlorogenic acids. 

Akazawa and Conn (10) have demonstrated that reduced diphosphopyridine 
nucleotide (DPNH) can be oxidized by horse-radish peroxidase. The reaction 
was activated by added H,O2 and manganese. Resorcinol or some other phenol 
was shown to be an essential component of the system. Recently Mudd and 
Burris (11) have verified these observations and shown that IAA is oxidized 
by the same system. 

The results obtained in the present study provide evidence that H.O2, Mn*?, 
and a monohydric phenol are essential requirements for the oxidation of DPNH 
by peroxidase systems. Moreover, they show that p-coumaric acid is an efficient 
phenolic activator and that ferulic, sinapic, caffeic, and chlorogenic acids are 
potent inhibitors of the system. These results indicate that the peroxidase 
system may be identical with the indoleacetic acid oxidase system. 


1Manuscript received February 6, 1961. 


Contribution from the Prairie Regional Laboratory, National Research Council, Saskatoon, 
Saskatchewan. 


Issued as N.R.C. No. 6319. - 
Can. J. Biochem. Physiol. Vol. 39 (1961) 











1114 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


Methods and Materials 

Preparation of Enzymes 

1. Pea Epicotyl Peroxidase 

The seeds of pea (Pisum sativum L. var. Alaska) were germinated under red 
light for 9 days in vermiculite at 25° C. Acetone powders were prepared by 
grinding the epicotyls in 10 volumes of acetone (— 15° C) in a Waring blendor. 
The enzyme was extracted by stirring the acetone powder in distilled water at 
22-24° C. The mixture was filtered through cheesecloth and the filtrate centri- 
fuged at 25,000 Xg for 20 minutes in a Servall Superspeed angle centrifuge at 
4° C. The clear supernatant was then dialyzed in glass-distilled water at 4° C. 
After 12 hours the precipitate was removed by centrifugation and dialysis 
continued in fresh water for 30 hours at 4° C. The supernatant obtained after 
centrifugation contained 160 yg protein per ml and had an R.Z. value (12) of 
0.15. This preparation was kept at —15° C and was used with appropriate 
dilutions in the experiments with pea epicotyl peroxidase. 

2. Spruce Peroxidase 

An acetone powder was prepared from young shoots of Colorado blue spruce 
(Picea pungens Engelm.). The soft shoots (1-2 inches long) were picked on 
June 17 from trees growing near the laboratory. The enzyme was obtained as 
described for the pea epicotyl peroxidase. The final extract contained 85 pg 
protein per ml. 

3. Horse-radish Peroxidase 

The crystalline horse-radish peroxidase used in these experiments was 
obtained from Worthington Biochemical Corporation. The enzyme was dis- 
solved in distilled water and thoroughly dialyzed against glass-distilled water. 
The purity of the preparation was 8-10% based on the R.Z. value. 


Assays and Analyses 

The oxidation of DPNH was measured by the decreased absorption at 
340 my on a Beckman DU spectrophotometer. The temperature of the reaction 
was maintained at 26° C by using a water-cooled compartment. Oxygen uptake 
was measured in a Warburg apparatus by the standard procedure and protein 
was determined by the method of Lowry et al. (13). 


Compounds Used 

Caffeic acid, L-tyrosine, p-hydroxyphenylacetic acid, hydroquinone, phenol, 
ascorbic acid, glutathione, and cysteine were obtained commercially and were 
used without further purification. Resorcinol was a commercial preparation 
which was recrystallized from benzene before use. Tyrosol was prepared from 
tyrosine as described by Ehrlich (14), and chlorogenic acid was isolated from 
coffee beans by the method of Moores et al. (45). DPNH was obtained from 
Sigma Chemicals and crystalline catalase from General Biochemicals Incorpor- 
ated. Other compounds used in these experiments were prepared as described 
in previous reports from this laboratory (16, 17, 18). The compounds were 
dissolved in 0.1 M phosphate buffer, pH 6.5, except DPNH, which was dis- 











GAMBORG ET AL.: ROLE OF PLANT PHENOLIC COMPOUNDS 1115 


solved in phosphate buffer at pH 7.4, and p-hydroxyphenylpyruvic acid, which 
was dissolved in acetate buffer at pH 5.5. 


Experimental 
The data in Table I show that extracts from pea epicotyl and spruce shoots 
contained the peroxidase which oxidized DPNH with p-coumaric acid as a 
cofactor. As indicated in Fig. 1, the pea epicotyl peroxidase system required 


TABLE I 


Oxidation of DPNH by peroxidases 
from various sources 











Source of ug protein O.D./minute/ 

enzyme per assay mg protein 
Spruce shoots 0.34 43 
Spruce shoots 0.48 42 
Pea epicotyl 0.08 175 
Pea epicoty! 0.096 187 
Pea epicoty] 0.128 187 
Horse-radish 0.013 1690 
Horse-radish 0.021 1620 
Horse-radish 0.026 1540 





Note: The cuvette contained 0.2 umole H:O2, 1.0 umole 
MnSOx, 1.0 umole p-coumaric acid, 0.15 umole DPNH, 75 
umoles phosphate buffer, pH 6.0, and the enzyme in a total 
volume of 2.0 ml. 
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Fic. 1. Cofactor requirements for DPNH oxidation by the pea epicotyl peroxidase 
(0.08 ug protein). @ Complete (see Table I); O H.O02 omitted; A p-coumaric acid omitted 
initially but added at A; A initially the cuvette contained no p-coumaric acid, HO, or 
Mn*, then p-coumaric acid was added at 1, H2O2 added at 2, and Mn* added at 3. 
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H.O., Mn*?, and p-coumaric acid for maximum activity. Similar results were 
obtained using horse-radish peroxidase. The reaction was zero order when all 
the components were added. If HzO. was omitted there was a lag period, but 
the rate of oxidation gradually increased until it reached that of the control. 
It was shown by the benzidine test (19) that H,O, is formed by peroxidase in 
the presence of Mn*?. It would therefore appear that the H,O2 concentration 
gradually is increased. The data suggest further that Mn* also has a direct 
function in the oxidation of DPNH, since H.O:, alone is not sufficient to obtain 
maximum oxidation. The activity observed before Mn*? was added may 
indicate incomplete removal of the manganese ions. Mn+?, H,O2, and enzyme 
combined were unable to oxidize DPNH. The oxidation proceeded immediately 
on the addition of p-coumaric acid. 
Utilization of Oxygen 

The oxidation of DPNH by the complete system proceeded with the con- 
sumption of $ mole of O, per mole of DPNH. The results of an experiment are 
shown in Fig. 2. Coumarate appeared to be oxidized very slowly, if at all, in 
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Fic. 2. Oxygen uptake during oxidation of DPNH by pea epicoty] peroxidase. A Com- 
plete: 0.5 umole HzO, 2.0 umoles MnSO,, 1.0 umole p-coumaric acid, 7.5 ymoles DPNH, 
70 umoles phosphate buffer (pH 6.0), and pea epicoty) peroxidase (1.6 ug protein) in a total 
volume of 3.0 ml; O DPNH omitted; @ p-coumaric acid omitted. 


the absence of DPNH. The observation that 7.5 zmoles of DPNH was oxidized 
by much smaller amounts of the cofactors suggests that the latter were being 
regenerated during the reaction. 
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The Effect of pH 

The oxidation of DPNH was measured in the pH range from 4.8 to 7.8 
(Fig. 3B). Succinate and phosphate buffers were used. Citrate-phosphate 
buffer at 10-' M inhibited the reaction completely at pH 6.2 and acetate 
buffers gave inconsistent results. The activity was optimum at pH near 6.0 for 
both horse-radish peroxidase and pea epicotyl peroxidase. The optimum pH 
coincides with minimum absorption by the reaction mixture (Fig. 3A). The 
variation in absorption appeared to be due to p-coumaric acid. 
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Fic. 3. (A) The influence of pH on absorption by the reaction mixture. For the initial 
readings the cuvette contained MnSO,, H:O2, peroxidase, DPNH, and buffer. This 
reading was not affected by changes in = The final reading was taken immediately after 


— ner acid. Thedifference between the final and the initial readings was plotted 
in Fig. 3A. 


(B) The effect of pH on DPNH oxidation. @ Horse-radish peroxidase 0.026 ug per assay ; 
© pea epicotyl peroxidase 0.24 ug per assay. Experimental conditions were as outlined 
under Table I. Succinate and phosphate buffers were used. 


Effect of Manganese Concentrations 
The effect on activity of varying the concentrations of manganese is shown 
in Fig. 4. The Michaelis constant calculated from the double reciprocal curve 


was 6.6X10-* M. At this concentration there was no inhibitory effect. Mag- 
nesium and cobalt at 5X10-* M were ineffective in replacing manganese. 
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Fic. 4. The effect of manganese concentration on DPNH oxidation by pea epicotyl 
peroxidase (0.16 ug protein). The conditions were as described under Table I except for 
variations in the concentration of MnSO,. 


Effect of HzO. Concentration 

The results of an experiment on the effect of varying the concentration of 
H.O, were plotted as a double reciprocal graph and a Michaelis constant of 
3.110-* M was calculated from the straight line. There was no change in the 
initial rate of oxidation with increases in concentrations of HO, from 6 10-° M 
to 5X10-* M but at 5X10-* M the oxidation of DPNH was reduced by 80%. 
Kenten and Mann have shown that manganese ions are oxidized in the presence 
of peroxidase and H,O, (20). The manganic ions thus formed can accumulate 
as the pyrophosphate complex, but in the presence of orthophosphate the HO, 
is decomposed by the manganic ions which are then being reduced (21). In the 
present experiment the excess H,O, may therefore maintain the manganese ions 
in the reduced form. 


Effect of p-Coumaric Acid and DPNH Concentration 

The effect of varying the concentration of p-coumaric acid is shown in 
Fig. 5. The Michaelis constant was 4.4X10-* M. From Fig. 6, a Michaelis 
constant of 10-* M was obtained for DPNH. 


Phenolic Activators 

A number of aromatic compounds were tested as substitutes for p-coumaric 
acid. The results, as shown in Table II, suggest that there is a certain specific- 
ity for the phenolic cofactor. Shifting the hydroxyl group to the ortho-position 
as in o-coumaric acid was sufficient to destroy cofactor activity. Similarly, 
hydroxylation or amination of the side chains also resulted in the loss of co- 
factor activity. The compounds in Table II which acted as activators also have 
been shown to activate the pineapple indoleacetic acid oxidase (9). 








GAMBORG ET AL.: ROLE OF PLANT PHENOLIC COMPOUNDS 1119 





+ () 
° 2.5 5 75 10 
I T : T . T T 


05 - — 100 


| . nin 
L sg ss ecah) 4 
| 


> 04- +80 
= '° 
uJ r oO + 
= ° 
5 / 
> 03+ } Pil ins 
= 4 ° e 4 s 
/ Vv 
a | 
Ww 02 — j Pa i 
.° 
a = | aie 4 
ro) oo 
q or be 420 
or “490 








° 
° 
io] 
} 
a 
Nn 
° 


CONCENTRATION OF p-COUMARIC ACID 
(4. MOLES /ml) (S) 
Fic. 5. The effect of p-coumaric acid concentration on DPNH oxidation by horse- 


radish peroxidase (0.026 ug protein). The conditions were as described under Table | 
except for variations in p-coumaric acid concentration. 


TABLE Il 
Activation of peroxidative oxidation of DPNH by phenolic compounds 








% activation 








Concn. Horse-radish Pea epicoty] 
Phenolic compounds (M) peroxidase peroxidase 
p-Coumaric acid 5x10~* 100 100 
p-Hydroxyphenylpyruvic acid 5x10~4 25 22 
p-Hydroxyphenylpropionic acid Sxie* 17 14 
Resorcinol 5x10~ 17 24 
Tyrosol 5x10~4 17 13 
DL-p-Hydroxyphenyllactic acid 5x10~* 6 6 
p-Hydroxyphenylacetic acid 5x10~ 0 0 
o- -Coumaric acid 2.5X10-4 4 0 
L-Tyrosine 510-4 0 0 
Cinnamic acid 5x10-4 0 0 
Phenol 5x10-4 _- 0 





Note: The conditions were as described under Table I except p-coumaric acid was replaced by the 
aromatic compound as indicated. The enzyme concentration was 0.016 ug protein for horse-radish 
peroxidase and 0.24 yg protein for pea epicotyl peroxidase. 


The Effect of Inhibitors ; 

A study was made on the effect of various phenolic inhibitors on the reaction. 
The results are shown in Table III. Caffeic acid and chlorogenic acid were 
potent inhibitors of the oxidation of DPNH. Hydroquinone also was strongly 
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TABLE III 


Inhibition of peroxidative oxidation of DPNH 
by naturally occurring phenolic compounds 








% inhibition 








Concn. of Horse-radish _ Pea epicotyl 
Inhibitor inhibitor (M) peroxidase peroxidase 
Caffeic acid 5x10 — 84 3 
Caffeic acid 2.5x10-* 56 -- 
Caffeic acid 10-° 50 61 E 
Chlorogenic acid 2.5X10-* 60 — ; 
Chlorogenic acid 10-* — 55 
Hydroquinone 10> 47 — 
Hydroquinone 2.3 — 54 ; 
p-Hydroxyphenylpyruvic acid 5 X10-* 46 50 
p-Hydroxyphenylpyruvic acid 2.5X10"* _ 0 : 
Ferulic acid 2.5x10°* 61 — 5 
Ferulic acid 10-* 40 es i 
Ferulic acid 5x10 28 44 i 
Sinapic acid 5x<10-* — 90 
Sinapic acid 2.5107 53 — 





Note: The conditions were as described under Table I. The inhibitor was added to the reaction 
mixture before adding -coumaric acid. The enzyme concentrations were horse-radish peroxidase 
0.016 wg protein and pea epicoty! peroxidase 0.16 ug protein per assay. 


inhibitory. As shown in Fig. 6 these compounds inhibited the reaction in a 
non-competitive manner. Ferulic and sinapic acids in catalytic amounts 
behaved as competitive inhibitors (Fig. 7). The competitive inhibition by 
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Fic. 6. Reciprocal plot showing non-competitive inhibition of DPNH oxidation by 
caffeic acid, chlorogenic acid, and hydroquinone in the presence of p-coumaric acid. The 
experimental conditions were as described in Table I except for variations in DPNH 
concentrations. The enzyme was horse-radish peroxidase (0.026 yg protein). @ No 
inhibitor; O 10~-* M caffeic acid; A 10-* M hydroquinone; A 2.5 X10-* M chlorogenic acid. 











GAMBORG ET AL.: ROLE OF PLANT PHENOLIC COMPOUNDS 1121 





if T | 7 I . T 


T 

200 r 

160 if ail 
120 }— 


80 


40+ 


VAs 
\ XA 
ys 








= 
b— 
}— 
be 
— 

= 





RECIPROCAL OF DPNH CONCENTRATION 
(» MOLES /mi (4) 


Fic. 7. Reciprocal plot showing competitive inhibition of DPNH oxidation by ferulic 
and sinapic acids in the presence es p-coumaric acid. The experimental conditions were as 
described in Table I except for the variations in DPNH concentration. The enzyme was 
horse-radish peroxidase (0.026 wg protein). @ No inhibitor; O 10-° M ferulic acid; 
@ 2.5X10-* M sinapic acid; 0 2.5X10-* M ferulic acid. 


ferulic acid was also observed with the p-coumarate-activated pineapple 
indoleacetic acid oxidase (9). The effect of p-hydroxyphenylpyruvic acid on 
this system was somewhat unique. It did act as a cofactor as indicated in 
Table II, but at the same concentration it inhibited the p-coumary] peroxidase 
system. At 2.5X10-* M the acid had no effect. It is possible that the com- 
pound may be a competitive inhibitor, but no attempt was made to verify this. 

As shown in Table IV the reaction was inhibited by citrate and pyrophos- 
phate, but activated by versene. A similar observation has been made by 
Waygood et al. (22) in the oxidation of IAA by wheat indoleacetic acid oxidase. 
They showed that citrate, pyrophosphate, and versene form complexes with 
Mn** but only the manganiversene complex catalyzed the oxidation of indole- 
acetic acid (23). The activation observed in the present study presumably can 
be attributed to a manganiversene complex in which the manganic ions are 
produced by peroxidase (20). The complete inhibition in the presence of citrate 
and pyrophosphate also suggest that Mn? is an essential part of the system. 
The inhibitory action of catalase emphasizes the importance of hydrogen 
peroxide in this reaction. 

Addition of ascorbic acid and cysteine resulted in a lag period as indicated 
in Fig. 8. Reduced glutathione had a similar effect. The inhibition values 
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TABLE IV 


The effect of chelating compounds and various 
inhibitors on DPNH oxidation by peroxidase 


VOL. 39, 1961 








Rate as % of control* 








Concn. of Horse-radish Pea epicoty! 
Compound added compound (M) peroxidase peroxidase 
Pyrophosphate 8.510 — 100 
Pyrophosphate 1.6x10~ — 72 
Pyrophosphate 4x 10-* — 0 
Citrate 10% 10 — 
Versene $xio-* 123 _- 
Versene 2.5X10-* 226 — 
Cysteine 5 x10- - 0 
Cysteine 2.5m 5 - 
Glutathione 10-5 — 50 
Ascorbic acid 10-5 5 ~- 
Ascorbic acid 5X10 — 9 
KCN 5 X107% — 50 
p-Chloromercuribenzoate 1.251074 98 100 
NaN; 5 x10-4 — 45 
Catalase 100 ug 6 -- 





Note: The conditions were as described under Table I. 


*The control contained the complete mixture with none of the inhibiting compounds present. 


The enzyme concentrations were the same as in Table III. 


recorded in Table IV are the initial rates in the presence of these compounds. 
After a period, the oxidation of DPNH reached the same rate as obtained with 
the control. No attempt was made to determine if p-coumaric acid was essential 


for the oxidation of glutathione and cysteine. 
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Fic. 8. The effect of cysteine and ascorbic acid on DPNH oxidation by horse-radish 
peroxidase (0.017 yg protein). O Complete (see Table I), no addition; @ complete 


plus 10-5 M cysteine; A complete plus 10-* M ascorbate. 
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Ascorbic acid is a peroxidase substrate and consequently could be oxidized 
by the present system without the participation of p-coumaric acid. Mano- 
metric assays showed that ascorbic acid was oxidized by pea epicotyl peroxidase 
in the absence of p-coumaric acid, but if p-coumaric acid was added the initial 
rate was increased by a factor of 4.5 and was equal to that obtained with DPNH 
and p-coumaric acid. 


Discussion 


The results obtained above support the hypothesis that DPNH is oxidized 
by the peroxidase system as indicated in the following diagram: 


+2 
H202 Mn RO. DPNH + H* 
_ ea 
H20 Mn *3 R.OH DPN* 
RO. = oxidized phenolic cofactor, R.OH = phenolic cofactor. 


It has been demonstrated by Chance (24) that peroxidase catalyzes the 
formation of H,O, in the presence of Mnt? and dihydroxyfumarate. Similarly, 
Kenten (25) and Yamazaki and Souzu (26) obtained results which indicated 
that HO. was formed by Mn*?*-activated peroxidative oxidation of indole- 
propionate and indoleacetate, respectively. Kenten suggested that Mn+? may 
promote the formation of HO. The essential role of Mn*? in the DPNH 
oxidation is inferred from the complete inhibition observed in the presence of 
citrate and pyrophosphate. 

DPNH may be oxidized by a phenolic radical as suggested by Akazawa and 
Conn (10). Resorcinol has been shown to be oxidized by peroxidase and H,O, 
(10, 27). Oxidation of the activating C.-C; compounds by peroxidase has not 
been demonstrated, although it has been shown by Freudenberg et al. (28) 
that quinone methides are formed from coniferyl alcohol by the action of 
peroxidase and H.O». 

The phenolic radical would likely be unstable, but may be stabilized by a 
manganese—peroxidase complex (24). Gortner and Kent (9) have proposed a 
mechanism in which the p-coumarate-activated indoleacetic acid oxidase forms 
an active complex with p-coumaric acid. A similar complex may be formed 
with peroxidase in the oxidation of DPNH. This concept could explain the 
competitive inhibition by ferulic and sinapic acids. 

The striking similarity between the conditions for the oxidation of IAA by 
various plant extracts (29), flax rust mycelium (30), purified indoleacetic acid 
oxidase (31, 32), and turnip peroxidase (26) and horse-radish peroxidase (11) 
indicates that a peroxidase may be involved in all cases. The results of the 
present study strengthens this hypothesis. The cofactor requirements, the type 
of activating and inhibiting phenolic compounds, and the effects of chelating 
compounds on DPNH oxidation were identical with those reported for the 
indoleacetic acid oxidases (9, 27, 32). 
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The peroxidase-manganese-phenolic system is known to oxidize DPNH 
(10, 11), TPNH (10), reduced glutathione (10), cytochrome c (10), IAA (11), 
and, as indicated by these experiments, also cysteine and ascorbic acid. This 
might place the system in the category of terminal oxidases. Although the 
oxidation of these compounds by the peroxidase system has been demonstrated 
only in vitro, it is not unlikely that it may also function in vivo. Sondheimer 
and Griffin (33) have suggested that phenolic acids may function as metabolic 
regulators. They showed that enzymic destruction of IAA was dependent upon 
the relative concentrations of p-coumaric acid and chlorogenic acid. The 
present results indicate that the oxidation of other compounds by the peroxidase 
system could be controlled by the proportion of activating and inhibiting 
phenolic compounds in the plant. 


References 
R. E. Kremers. Tappi, 40, 262 (1957). 


1. 

2. E. C. BATE-SmiTH. Sci. Proc. Roy. Dublin Soc. 27, 165 (1956). 

3. A. C. NEIsH. Phytochemistry, 1. In press. 1961. 

4. A. C. NEtsH. Abstracts of Western Regional Conference, Chem. Inst. of Canada. Chem- 
istry in Canada, 12 (11), 93 (1960). 

5. J. KouKkot and E. E. Conn. Abstracts of Pacific Slope Biochemical Conference, Davis, 
California. September, 1960. 

6. D. R. McCatva and A. C. Netsu. Can. J. Biochem. and Physiol. 37, 537 (1959). 

7. C. C. LEvy and M. Zucker. J. Biol. Chem. 235, 2418 (1960). 

8. A. C. NetsH. Ann. Rev. Plant Physiol. 11, 55 (1960). 

9. W. A. GorTNER and M. J. KEntT. J. Biol. Chem. 233, 731 (1958). 

10. T. AKAzAWA and E. E. Conn. J. Biol. Chem. 232, 403 (1958). 

11. J. B. Mupp and R. H. Burris. J. Biol. Chem. 234, 2774 (1959). 

12. H. THEORELL and A. C. MarEnty. Acta Chem. Scand. 4, 422 (1950). 

13. O. H. Lowry, N. L. RosesBrouca, A. L. Farr, and R. J. RANDALL. J. Biol. Chem. 193, 
265 (1951). 

14. F. Enruicnu. Ber. 44, 139 (1911). 

15. R. G. Moores, D. L. McDermott, and T. R. Woop. Ind. Eng. Chem. Anal. Ed. 20, 620 
(1948). 

16. S. A. BRown and A. C. NetsH. Can. J. Biochem. and Physiol. 34, 769 (1956). 

17. S. A. Brown, G. H. N. Towers, and D. Wricut. Can. J. Biochem. and Physiol. 38, 143 
(1960). 

18. S. A. Brown and A. C. Netsu. Can. J. Biochem. and Physiol. 33, 948 (1955). 

19. R. H. KENTEN and P. J. G. Mann. Biochem. J. 50, 360 (1952). 

20. R. H. KENTEN and P. J. G. Mann. Biochem. J. 45, 255 (1949). 

21. R. H. KeEnTEN and P. J. G. Mann. Biochem. J. 46, 67 (1950). 

22. E. R. WayGoop, A. Oaks, and G. A. MACLACHLAN. Can. J. Botany, 34, 905 (1956). 

23. G. A. MACLACHLAN and E. R. Waycoop. Physiol. Plantarum, 9, 321 (1956). 

24. B. CHance. J. Biol. Chem. 197, 577 (1952). 

25. R. H. Kentzen. Biochem. J. 61, 353 (1955). 


26. I. YaMaAzAkI and H. Souzu. Arch. Biochem. Biophys. 86, 294 (1960). 

27. G. A. MACLACHLAN and E. R. WaycGoop. Can. J. Biochem. and Physiol. 34, 1233 (1956). 
28. K. FREUDENBERG, G. Grion, and J. M. Harkin. Angew. Chem. 70, 743 (1958). 

29. P. M. Ray. Ann. Rev. Plant Physiol. 9, 81 (1958). 

30. A. Oaks and M. SHaw. Can. J. Botany, 38, 761 (1960). 

31. P. M. Ray. Arch. Biochem. Biophys. 87, 19 (1960). 

32. R. E. Stutz. Plant. Physiol. 32, 31 (1957). 

33. E. SONDHEIMER and D. H. GrirFin. Science, 131, 672 (1960). 





See MOE 


ci ai te Se 








eee RT 








se AREAS AES NAST SO Or eS 





1125 


THE BIOLOGICAL HALF-LIFE OF K® IN THE 
COW AND THE OBESE PIG' 


G. A. Rosinson, K. G. MCNEILL, R. M. GREEN, AND H. C. ROWSELL 


Abstract 


Potassium-42 was used as a tracer of the total exchangeable body potassium in 
six cows and five large sows. One millicurie of K*® solution was injected intra- 
venously into each animal and samples of urine and faeces were collected in 8-liter 
plastic pails, at intervals, for 70 hours. The radioisotope content of the samples 
was determined by dipping an unshielded sodium iodide scintillometer into the 
pails toa constant depth. Background error was reduced by setting the discrimin- 
ator levels to accept only pulses corresponding to the photopeak of the K® emis- 
sion. The rate of excretion of K® decreased for approximately 16 hours, then 
appeared to remain constant for the rest of the experiment. Means of biologic al 
half-life values, as calculated for the period from 22 to 70 hours, were 10.5 days for 
the cows and 45.6 days for the pigs. Percentages by weight of total potassium in 
the animals were 0.21 for the cows and 0.24 for the pigs, as estimated from flame 
photometric determinations of urinary potassium and biological half-life values. 
These results are compared with caesium and potassium studies reported by other 
investigators. 


Introduction 


During an investigation of fall-out-derived radioactivity of foodstuffs in 
Canada (1), and particularly of the way Cs'* entered human food, the values of 
biological half-lives of potassium in cattle and in swine were required in order 
to compare the rates of metabolism of caesium and potassium. K*® was used 
as the tracer for the exchangeable body-potassium pool. The 12-hour nuclear 
half-life of this isotope precludes satisfactory determination of the biological 
half-life from blood sampling or body counting; consequently, the incremental 
excretion of K* in urine and faeces was used for the calculations. 


Procedure 


Six non-lactating cows (four Holstein, one Holstein—Jersey, one Holstein— 
Guernsey) and five obese sows (three Yorkshire, two Yorkshire-Landrace) were 
penned in individual stalls and provided with hay (cows) or Hog Grower (pigs) 
and water. Rubber Foley catheters with 30-ml bulbs were introduced into the 
urinary bladder of each animal and the bulbs were filled with water. The free 
ends of the catheters were connected to covered plastic pails by 1.0 to 2.5 
meters of plastic tubing. Animals were injected intramuscularly with anti- 
biotics to prevent possible bladder infections. 

Approximately 1 mc of K® was injected into a jugular vein of each cow and 
into an ear vein of each pig. A volume of K® solution exactly one-fifth of that 
injected was kept as a standard. The urine was collected at 2- to 12-hour 
intervals for 3 days (Fig. 1) and the volumes measured. (A preliminary experi- 

'Manuscript received January 30, 1961. 
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Fic. 1. Relationship between the inverse of the rates of excretion of K*, Nt/(dN/dt):, 
and the time after intravenous injection of the radioisotope. 


Nt . me 


(N/dt), 2» 0.693 

where J is the mean life and T} the biological half-life. The units are (hours)~. Height of 

bars represents means for six cows or five pigs; width indicates duration of sampling period. 
ment on one cow indicated that removal of the catheters from the cattle over 
the first night would reduce irritation of the bladder and urethra.) Faeces were 
collected during the second and third days of the experiment and the radio- 
activity of these samples was measured. The mean ratio of the radiopotassium 
present in the faeces to that in the urine was found and total K® excretion rates 
were estimated by adding the appropriate corrections to the urine sample 
activities. 

A 2-in. sodium iodide crystal scintillometer and a scaler (RIDL 200 I) with 
an adjustable discriminator were used to measure the radioactivity. The 
discriminator level was set to accept pulses corresponding to the photopeak 
of the K® gamma emission, as this setting gave the best signal-to-background 
ratio. The urine samples in the collection buckets were diluted with water 
to a standard 4-liter volume and the sodium iodide crystal was so supported that 
it could be dipped into this volume to a constant depth. The dilution to a 
standard volume and use of the standard support ensured that in all cases the 
geometries were identical. At regular interyals, measurements were made for 
background on a pail containing 4 liters of water and for nuclear decay on a 
standard consisting of 0.2 mc K® diluted to 4 liters with water. Thus, all 
sample counting rates described in this paper are as corrected for background 
radiation and for nuclear decay. 
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Calculations 


For each urine sample, the rates of decrease in the radioactivity of the animal 
and the biological half-life (73) were calculated, using the standard relationship 


T} = N, log, 2/(dN/dt),. 


In this equation, NV, was the amount of K® remaining in the animal at the time 
tand (dN/dt), the rate of change of K® content at time ¢. The value for NV; was 
obtained from the count of the standard. That is, as 1 mc was injected into 
each animal and 0.2 mc was put into the standard, then to a first approximation 
the count NV, for the animal at time ¢ was five times the count for the standard 
at that time. A correction to NV; was applied for the amount of K*® excreted by 
the animal in previous collections. As no collections were made for the cows 
during the period ¢ = 6 to ¢ = 22 hours, an interpolation was made for this 
period. The results of the preliminary experiment showed that no appreciable 
error was introduced by this interpolation. 

The value for (dN/dt), was obtained from the measurement on the urine. 
A correction was applied for the K* excreted in the faeces, assuming that the 
proportion of K* in faeces to that in urine measured during the last 2 days was 
constant for the entire experiment (Table I). Any error in the final result be- 
cause of this assumption will probably not exceed 5%. 

The potassium concentration of the urine samples was determined using a 
Hilger Uvispek (H700) and flame attachment (H868). The flame emission of 
diluted urine samples was measured at 7700 A and the concentration of potas- 
sium in each sample was read from a standard curve. Results were corrected 
for dilution and expressed as grams of potassium excreted per 24-hour period. 
The total exchangeable potassium content of each animal was estimated from 


total exchangeable potassium = biological half-life 
X daily potassium output/log, 2, 


using the values for 7} and the daily potassium output found in this experiment. 


Results 


A plot of the inverse of the fractional loss of K® against time has an early 
component of rapid change in 7} from 0 to 6 hours (Fig. 1) and a second less 
rapid component from 6 to 22 hours. From 22 to 70 hours T} was approxi- 
mately constant. 

The mean values for the biological half-life for this third or ‘‘constant”’ 
component, calculated from urinary and faecal excretion of K*, were 10.5 days 
for the cows and 45.6 days for the pigs. The range of values and corrections for 
faecal excretion are given in Table |. The biological half-life did not correlate 
closely with body weight, as the product-moment correlation coefficient 
equalled 0.30 for the cows and 0.31 for the pigs. During this period the cows 
excreted a relatively larger amount of potassium (0.156 g/24 hours/kg body 
weight) than did the pigs (0.039 g/24 hours/kg). An estimation of the total 
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TABLE I 


Potassium-42 metabolism in cows and pigs 








Animals 6 cows 5 sows 
Mean body weight (kg) 435 +58* 249+25* 
Biological half-life (days) :.371.>° 45.6+7.0* 
Range of biological half-life between animals (days) 6.3 to 17 27 to 63 
Percentage of K® excreted in faeces i223 38+15 
Total potassium excreted in urine and faeces (g/24 hours) 68 + 14* 9.621.1* 
Total exchangeable body potassium (g) 917+95* 594+6.0* 
Exchangeable potassium as a percentage of body weight 0.21 0.24 





*Standard error of the mean. 


exchangeable body potassium using the mean 7} and the daily potassium 
excretion indicated that potassium forms approximately the same percentage 
of the body weight of the obese sow (0.24%) and of the cow (0.21%). 


Discussion 


The use of a short-lived isotope such as K* can lead to correctly interpreted 
results only if all transient biological effects have disappeared by the end of a few 
nuclear half-lives. (Nuclear half-life for K*? is approximately 12.5 hours.) 
In considering the suitability of this isotope for large animal studies, three 
pieces of evidence may be noted. The results of experiments on the K* excre- 
tion of four men (2) showed that, from 18 hours on, the average rate of excretion 
was consistent with a biological half-life for potassium in man of 30 days. This 
value is in reasonable agreement with other values of 33 to 40 days based on 
metabolic and related studies (3). Therefore, such relatively short experiments 
can give correct results, at least for elements with a rapid turnover in the body. 
Secondly, the results of the percentages by weight of potassium in the cow and 
the pig reported in this study are in good agreement with those suggested by 
other experiments. Moreover, Hevesey (4) states that ‘‘all the potassium taken 
in with the food interchanges with the potassium located in the tissue cells in 
the course of some hours’’; thus transient effects should cease by the end of 
1 day. 

In the present experiments, the primary cause of rapid changes from 0 to 
22 hours in K® excretion rates is the establishment of isotopic equilibrium 
between blood and body-potassium pools (Fig. 1). After 22 hours, the rate of 
loss (Ay) of K* from the body is apparently constant and is interpreted as an 
indication of the rate of replacement of the labelled body-potassium pool with 
unlabelled potassium taken into the body since the radioisotope injection. The 
constancy of this rate supports the view that biological equilibrium has been 
reached. The calculated values for the percentages by weight of potassium in 
the cow and the pig, based on half-lives of 10,5 and 45.6 days and average excre- 
tion rates of 68 and 9.6 g/day, are 0.21% and 0.24% respectively. These values 
are in good agreement with the result of K*? measurements on organs and 
tissues from these animals (5) and with measurements on other animals, 
including man. A comparison with other animals is given in Table II. 


Oe 
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TABLE II 


Potassium content of various mammals 











Content as Content as 
Animal % body wt. Animal % body wt. 
Mouse 0.30* Pig 0.24 
Rat 0.29* Dog 0.23* 
Monkey 0.28* Cow 0.21 
Rabbit 0.28* Man 0.20* 





*From Richmond (10). 


Biological half-life estimations for equilibrium values of \;, as estimated for 
each urine sample varied considerably from sample to sample and greatly from 
animal to animal. The errors of each evaluation were perhaps 25%, mostly as 
a consequence of irregularities in urination. In principle, the determination 
of one value of dN/dt against N;, will give the biological half-life within the 
error of the one point for the equilibrium component. Consequently, for each 
animal the mean of the nine determinations of 1/X, from 22 to 70 hours was 
used to calculate the biological half-life for potassium. In the present experi- 
ment, the major factor in the difference between T} values for cows and pigs is 
probably the relatively high daily excretion of potassium per kilogram of body 
weight for the cow (urine 0.137 g, faeces 0.019 g) as compared with that for the 
pig (urine 0.024 g, faeces, 0.015 g). Such a rapid replacement of exchangeable 
potassium suggests a large intake of potassium in foods, particularly alfalfa hay, 
and excretion of the excess by way of the kidney. 

A change in the dietary intake of potassium would perhaps alter the half-life 
of this element without much affecting the total potassium content of the body. 
Similarly, Cs’ may be ‘‘washed out’’ of the body by increasing the dietary 
intake of other caesium isotopes. However, if caesium preferentially replaces 
potassium in some metabolic activities (8), an increase in caesium levels may 
only result in a displacement of a small amount of the total body-potassium 
pool. The net effect may be little or no change in the half-life for Cs”. An 
apparent relationship between half-life values for caesium and potassium 
(Table III) suggests that a large excess of potassium may be more effective in 


TABLE III 


Biological half-lives of potassium and caesium 
in various mammals 








Biological half-life (hours) 








Animal Potassium Caesium Tos/TK 
Mouse* ..2 ee 0.8 
Rat* 5.8 6.5 v.41 
Dog* 8.0 25 —— 2 
Cow 10.5 ~15 ~1.4 
Man* 35 110 3.1 
Pig 45.6 ~63 ~1.4 





*From Richmond (10). 
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removing caesium from the body by competing with caesium for the ‘‘Cs + K” 
alkali pool. 

The faecal excretion results of Hood and Comar (6) for Cs'*” indicate that 
during the “‘equilibrium’”’ period approximately 40% of the total amount of 
Cs'*7 excreted by cows was found in the faeces as compared with 12% of the K* 
for the cows reported here. For pigs, Hood and Comar state that the excretory 
pattern resembles that of rats, for which approximately 20% of the Cs!” 
excreted during “‘equilibrium’’ appeared in the faeces. The present results 
indicate nearly 40% for K*. For humans, the experiments of Threefoot, 
Burch, and Ray (7) suggest that 20 to 25% of potassium is excreted via the 
faeces. These differences may reflect reduced renal clearance rates for rubidium 
and caesium as compared with potassium (8). Feed materials may also have 
been contributed to the differences since the ratio of urinary to faecal excretion 
of caesium can be altered by certain changes in diet without apparently 
affecting the excretion ratio for potassium (9). 

The biological half-life values for caesium of 15 to 20 days in the cow, as 
estimated from Hood and Comar (6), are larger than the T3 value of 10.5 days 
found here for K*, perhaps as a result of reduced renal clearance or of pre- 
ferential retention of rubidium and caesium by the muscle cells (8). No such 
simple comparison of 7} values is possible for the pig. Hood and Comar show 
a figure in which the rate of excretion of caesium by rats during the first week 
after ingestion of Cs'” approximates a biological half-life of 2 days, while the 
long-term excretion has a rate only 1/3.5 as great. With the pig reported as 
showing an excretory pattern similar to that of rats, and with 20% of the 
original caesium excreted between days 1 and 7, combining their results for 
rats and pigs would lead to a 63-day half-life for caesium in the hog. This value 
is longer than the T} for K* reported here, and is in agreement with the situa- 
tion in cows and man. It is realized, however, that a comparison drawn from 
such a calculation of 7} for caesium on one pig is little more than speculation. 

Despite difficulties in the interpretations of the results for the half-life of 
caesium in the cow and pig, it is interesting to compare the ratios of the 
potassium and caesium half-lives in various animals. This is done in Table III, 
taking the values quoted in Richmond (10) for the mouse, rat, dog, monkey, 
and man, the values for tc, in the cow and pig as estimated above from the work 
of Hood and Comar, and the values for tx in the cow and pig reported here. 
It will be seen that the results for the cow and pig are in accord with those of 
other animals. 

In conclusion, it would appear that the use of a short-lived radioisotope can 
lead to meaningful biological studies where some equilibrium state is reached 
within the time of a few nuclear half-lives of the isotope. Using K*, the 
biological half-life of potassium in the cow is 10.5 days and in the obese pig, 
45.6 days. Since the percentage by weight of potassium in these animals is 
0.21 and 0.24, respectively, it appears that the rate of replacement of the total 
body potassium in cows is much more rapid than in sows. 
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THE PREPARATION OF LABELLED L-e-GLYCEROPHOSPHATE 
USING A STABLE YEAST EXTRACT! 


H. B. STEWarRT AND K. P. STRICKLAND 


Abstract 


A simple method is described for the enzymic preparation of L-a-glycerophos- 
phate from hexose diphosphate or from glucose and adenosine triphosphate. The 
necessary enzymes are supplied by a glycolyzing preparation from yeast supple- 
mented with rabbit muscle L-a-glycerophosphate dehydrogenase. The method has 
been adapted to the preparation of carbon- and phosphorus-labelled products by 
using glucose-U-C" and adenosine-triphosphate-P® as precursors. 


Introduction 


L-a-Glycerophosphate (L-a-GP) has been prepared by a variety of chemical 
and biological methods. The unequivocal chemical synthesis of L-a-GP has 
been described by Baer and Fischer (1, 2). The biological synthesis of L-a-GP 
has been achieved with intestinal alkaline (3) and prostatic acid (4, 5) phos- 
phatases. L-a-GP labelled with radioactive phosphorus (P**) has been prepared 
with acid phosphatase from human semen (6). Synthesis of the L-isomer by a 
somewhat more rapid reaction has been described by Bublitz and Kennedy (7) 
utilizing the glycerokinase of rat liver. The present paper describes the syn- 
thesis of L-a-GP by means of glycolytic enzymes from yeast and muscle 
L-a-GP dehydrogenase (L-a-GPD) utilizing glucose or hexose diphosphate 
(HDP) as a precursor. This technique, which is in principle similar to that of 
Meyerhof and Kiessling (8), has permitted the preparation of products labelled 
with radioactive carbon (C™) or P® as well as the material that is unlabelled. 


Experimental 

Materials 

HDP was purified from the commercial barium salt and converted to the 
tricyclohexylammonium compound by the method of McGilvery (9). Oxidized 
and reduced diphosphopyridine nucleotide (DPN and DPNH) and adenosine 
triphosphate (ATP) were products of Pabst Laboratories, Milwaukee, Wis. 
ATP® was prepared as described earlier (10). L-a~-GPD was prepared by Sigma 
Chemical Corporation, St. Louis, Mo., or C. F. Boehringer, Mannheim, 
Germany. Inorganic P®, as H;P*O,, was obtained from Atomic Energy of 
Canada Limited, Ottawa, Ont. Periodic acid was a product of G. Frederick 
Smith, Columbus, Ohio, and chromotropic acid was manufactured by Eastman 
Kodak Co., Rochester, N.Y. 

Glucose-U-C™ was prepared from rye seedlings grown for 10 days in an at- 
mosphere containing C“O,. Plants after harvest were minced in water and the 
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insoluble residue separated by centrifugation. The supernatant was used for 
isolation of other products while the residue was extracted twice with 95% 
ethanol at 80° C for 20 minutes and once with chloroform—methanol (2:1) at 
room temperature. The residue was freed of solvent, dried, and hydrolyzed in 
an excess of N HCI for 90 minutes at 100° C. The supernatant was neutralized 
to pH 7 and deionized by adsorption and desorption from charcoal according 
to the method of Whistler and Durso (11), using charcoal (Darco G-60) and 
Celite 535 prepared according to Neish (12). The deionized solution was 
resolved into its component sugars by the method of Cowie and Krotkov (13). 
While much of the glucose of rye seedlings resides in the soluble fraction, useful 
quantities may be obtained from the dry residue along with arabinose, xylose, 
and galactose. Eluates from paper chromatograms were freed of pigmented 
material by passage through columns of Dowex 50, X-4 (121 cm), and 
Dowex-1, X-2 (8X1 cm), without loss of reducing power. The final yield of 
sugar from 1.8 g of dry residue was: glucose, 89 mg; galactose, 31 mg; arabinose, 
92 mg; and xylose, 175 mg. The specific activity of glucose was 500,000 c.p.m./ 
pmole glucose. 
Yeast enzyme was prepared as described earlier (14). 


Methods 

Phosphorus was estimated as inorganic orthophosphate by the procedure of 
Ernster, Zetterstrém, and Lindberg (15) following ashing in 60% perchloric 
acid (w/v). Periodate oxidation and formaldehyde estimations were carried out 
essentially according to the procedures of Burton (16), using recrystallized 
mannitol as a standard. The enzymic estimation of L-a-GP was performed as 
described by Bublitz and Kennedy (17). Paper electrophoresis was carried out 
on 5X72 cm strips of Whatman No. 3MM paper in 0.02 M potassium lactate 
buffer, pH 3.6. A potential of 600 volts was applied across the paper for 
6} hours. P® was counted in a Model M-6 liquid counter (20th Century 
Electronics, London, S.E. 27) and C'* was counted on aluminum planchettes in 
a Model D-46A gas flow counter (Nuclear-Chicago Corp.). For both counters, 
a Berkeley Model 2001 scaler was used. 


Synthesis of L-a-GP 

A glycolyzing system containing DPN, inorganic phosphorus, adenine nucleo- 
tides, ATPase, and L-a-GPD and inhibited by fluoride will catalyze a dismuta- 
tion of HDP into 3-phosphoglyceric acid (PGA) and L-a-GP. The addition of 
exogenous supplementary sources of DPNH may be expected to increase the 
vield of L-a-GP at the expense of PGA. In the experiments reported here, it has 
been possible to obtain the primary conditions by using yeast enzyme inhibited 
with fluoride. The presence of kinases and. phosphohexose isomerase in this 
enzyme preparation permitted the substitution of glucose and ATP for HDP 
(14). 

Since the formation of glycerol is not a major process in brewer's yeast, the 
possibility that the concentration of L-a-GPD might be rate-limiting in L-a-GP 
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synthesis was investigated. In Fig. 1 is shown the effect of supplementing 
endogenous L-a-GPD with rabbit muscle enzyme on the rate of oxidation of 
DPNH in a system containing HDP, fluoride, GSH, yeast enzyme, and glycyl- 
glycine buffer, pH 7.4. It is evident that more rapid and quantitative reduction, 
presumably to L-a-GP, is obtained in the presence of added L-a-GPD. There- 
fore, in preparative work, the reaction mixtures were fortified with this enzyme. 
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Fic. 1. The effect of crystalline glycerophosphate dehydrogenase of rabbit muscle on 
the oxidation of DPNH in the presence of fluoride, HDP, and yeast extract. 

Cuvette contained: glycylglycine buffer, pH 7.38, 12.5 umoles; glutathione, 3.6 wmoles; 
MnS0O,.4H,0, 4 uymoles; NaF, 75 wmoles; HDP 0.12 umole; DPNH, 0.5 umole; and yeast 
enzyme, 5 mg. Final volume, 3 ml. At 3.5 minutes, 5 ul L-a-GPD (10 mg/ml) added. 
Incubated at room temperature and AO.D. recorded at 340 mu. 


Supplementary DPNH may be formed by the action of yeast alcohol 
dehydrogenase in the presence of a large excess of ethanol, particularly at high 
pH. Accordingly, ethanol has been added to the reaction mixture in prepara- 
tive work. An attempt to increase the amount of DPNH in the L-a-GP 
synthetic system by the action of the pyridine-nucleotide-linked formic de- 
hydrogenase from peas (18) was unsuccessful. While yields of L-a-GP may 
have been increased by this means, the purity of products was consistently 
below that obtained in the absence of the formate system. 
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(a) Preparation of unlabelled L-a-GP from HDP.—Incubation for 3 hours at 
30° C was carried out in 45-ml centrifuge tubes. Each tube contained, in a 
15-ml volume, the following constituents: glycylglycine buffer, pH 7.47, 
150 umoles; HDP, 50 umoles; DPN, 8.5 zmoles; NaF, 300 umoles; MnSO,.4H,0, 
45 umoles; ethanol, 150 zmoles; yeast preparation, 100 mg; L-a-GPD, 0.25 ml 
(reported to contain 2.5 mg of dehydrogenase). On completion of incubation 
the tubes were cooled in an ice bath and deproteinized with 0.8 ml 100% (w/v) 
trichloroacetic acid (TCA) with vigorous stirring. The residue was separated 
by centrifugation and discarded. The supernatant was treated as described 
below for isolation. 

(b) Preparation of L-a-GP-C™ from glucose-U-C'*—The conditions were 
essentially the same as those described above except that HDP was omitted 
from the reaction mixture and glucose-U-C™, 47.5 yzmoles (ca. 500,000 c.p.m./ 
pmole), and ATP, 112 zmoles, were substituted. 

(c) Preparation of L-a-GP® from ATP® and glucose——t-a-GP® was syn- 
thesized under the above conditions using ATP®, prepared as described in the 
previous paper (10), and non-radioactive glucose as the starting materials. 
In some cases the chromatography of the ATP was omitted and the crude 
nucleotide concentrate from the charcoal elution step was used in the synthesis. 
A rough approximation of the ATP in this concentrate was obtained from the 
10-minute phosphorus and the phosphorus-to-adenine ratio, which was usually 
about 2.7. 


Isolation of L-a-GP 

The TCA-containing supernatants from 10 tubes were adjusted to pH 8.2 
with KOH in the presence of phenolphthalein, and the water-soluble, alcohol- 
insoluble barium salts were isolated according to the procedure of Lepage (19). 
The alcohol-insoluble barium salt was extracted twice with water and the super- 
natant from these fractions passed through a column of Dowex-50-H*, X-4, 
100-200 mesh. The acid effluent was collected and neutralized to pH 8.0 with 
KOH. This solution was then placed on a column of Dowex-1-Cl-, X-2, 
100-150 mesh, 1.2 cm in diameter and 10 cm in height, and washed on with an 
equal volume of water. The column was then eluted stepwise with 300 ml of 
0.003 N HCI and 300 ml of 0.003 N HCI containing 0.005 M LiCl. Fractions of 
approximately 20 ml were collected and suitable aliquots were analyzed for 
phosphorus. A single peak containing 70-90% of the phosphorus placed on the 
column was recovered soon after the addition of the second solvent. This peak 
was sometimes followed by a small amount of inosine monophosphate. The 
tubes comprising the peak were pooled, neutralized with LiOH to pH 7.2 with 
the glass electrode, and concentrated to about 2-3 ml by means of a rotary 
evaporator. Two volumes of methanol were then added and the lithium 
salt of L-a-GP was precipitated from the resulting turbid solution by the addi- 
tion of 10 volumes of acetone per volume of methanol at 5° C. The precipitate 
was collected by centrifugation and washed successively with small volumes 
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of methanol—acetone (1:10), ether, and petroleum ether (boiling range, 
30-60° C). The precipitate was then dried over CaCl, and paraffin at room 
temperature. Further drying im vacuo over P.O; at the temperature of boiling 
n-propanol caused ro significant loss in weight, but was accompanied by a 
reduction (14%) in the amount of formaldehyde liberated from samples treated 
with periodic acid. This observation suggests that heating under these condi- 
tions causes migration of the phosphate from the a- to the 6-position. 


Results and Discussion 


In Table I, analytical data on three preparations of L-a-GP obtained from 
HDP are presented. The analyses indicate that in preparations 1 and 2 there is 
contamination by some inert substance that contains neither phosphorus nor 
periodate-reacting material and which is, presumably, small quantities of 
lithium chloride precipitated by the solvent during isolation. Preparation 3 
illustrates the effect of reprecipitation of the isolated L-a-GP. Products of 
adequate purity and in reasonable quantity can be rapidly made by the tech- 
nique described. 


TABLE I 
Analytical data on the lithium salt of L-a-GP prepared from HDP 




















Purity 
Amount of ss 
product Yield* Probe HCHO»). 
Preparation (mg) (%) Enzymict Pence k HCHO theort P/HCHO 
1 62.7 34.1 0.94 0.92 0.98 0.94 
2 75.4 41.0 — 0.91 0.87 1.05 
3 97.4 _— 0.86 1.05 0.97 1.08 





ae for 0.5 mmole HDP (i.e. 10 incubation tubes) on the assumption that 1 mole of HDP forms 2 moles 
of L-a- A 3 
tMethod of Bublitz and Kennedy (17). Purity = (umoles DPNH oxidized)/(umoles P) assuming ££! = 


340 my 


.2 10°. 
tCalculated on basis of anhydrous dilithium salt. 


Table I] shows analytical data on carbon-labelled and phosphorus-labelled 
preparations of L-a-GP. In the case of the labelling of L-a~-GP by P*®, both 
isolated ATP*® and mixed nucleotide labelled with P* prepared as described 
earlier (10) were used as sources of label. The purity of the preparations as 
judged by phosphorus or periodate analysis relative to weight of isolated ma- 
terial is about 90%. However, the phosphorus-to-formaldehyde ratio of unity 
suggests that the impurity is inert. 

In Fig. 2, the close correspondence between the distribution of radioactivity 
and phosphorus in the chromatographic peaks suggests that the compounds 
are homogeneous with respect to these components. Paper electrophoresis of 
radioactive L-a-GP followed by radioautography indicated that both the 
phosphorus- and carbon-labelled materials migrated as a single substance. 
Polarimetry of the lithium salt dissolved in 2 N HCI yielded a molar rotation 
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Fic. 2. The relationship between the chromatographic distribution of phosphorus and 
radioactivity in P®- (curve A) and C™- (curve B) labelled preparations of L-a-GP. X phos- 
phorus and O radioactivity. 


[M]S of —4.98° (c = 60.9 mg/1.5 ml 2 N HCl, a = —0.11) compared with a 
[M ]p value of —4.46° calculated from the data of Baer and Fischer (1). 

In the present paper, details have been presented for the preparation of 
L-a-GP, which may be labelled either in its carbon atoms or its phosphorus 
atom. A satisfactory isolation procedure has been devised for the preparation 
of the lithium salt. This preparation satisfies the criteria of optical activity, 
absence of 8-ester, and enzymic specificity. To the knowledge of the authors, 
no other biosynthetic preparation has met all of these criteria. 

The yield of the process is sufficiently high that synthesis of isotopically 
labelled compounds is practical and the amount of product is restricted only by 
the availability of suitably labelled precursors. The alternative procedures 
suffer from certain restrictions. The use of phosphatase requires high concen- 
trations of reactants and is ill-suited to isotopic syntheses. The glycerokinase 
method requires large numbers of animals and appreciable enzyme purification 
and is accordingly more expensive and time-consuming than the procedure 
described. 
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THE PREPARATION OF P®-LABELLED ADENINE NUCLEOTIDES 
USING A STABLE YEAST EXTRACT! 


H. B. STEWART AND K. P. STRICKLAND 


Abstract 


A relatively rapid and simple method for the preparation of phosphorus-labelled 
adenine nucleotides in appreciable quantities of any desired specific activity has 
been described. Modifications of earlier isolation and chromatographic procedures 
have been developed, which permit isolation of pure material with a minimum of 
manipulation. 


Introduction 


Adenosine polyphosphates have been prepared both chemically and bio- 
logically. The chemical syntheses have been achieved either by the phos- 
phorylation of adenosine-5’-phosphate (AMP) with dibenzyl phosphoro- 
chloridate (1, 2) or by the carbodiimide condensation method (3, 4, 5, 6). 
Biological preparations which, for the most part, label 8- and y-P (phosphorus) 
atoms have been dependent upon phosphorylation associated with the respira- 
tion of tissue suspensions or mitochondria (7, 8, 9, 10). Methods for labelling 
specific phosphorus atoms have been described utilizing purified enzymes (10, 
11, 12). The present communication describes a convenient method for the 
preparation of appreciable quantities of adenosine triphosphate (ATP) labelled 
with P*? in the @- and y-position as a consequence of the activity of a soluble 
preparation of glycolytic enzymes obtained from yeast (13). 


Experimental 
Materials 
Hexose diphosphate (HDP) was converted from the barium to the tricyclo- 
hexylammonium salt by the method of McGilvery (14). Adenosine diphosphate 
(ADP) and hexokinase were obtained from Pabst Laboratories, Milwaukee, 
Wis. H;PO, was supplied by Atomic Energy of Canada Ltd., Ottawa, 
Ont. Yeast enzyme was prepared as previously described (13). 


Analytical Methods 

Ultraviolet measurements were made in 1-cm quartz cells in a Beckman D.U. 
spectrophotometer. For total phosphorus, the samples were ashed with 60% 
(w/v) perchloric acid and the resulting inorganic phosphorus was determined by 
the method of Ernster et al. (15). Acid-labile phosphorus was liberated by 
hydrolysis in N HCl for 10 minutes at 100° C. After hydrolysis the pH was 
lowered to approximately that in the total P procedure by the addition of 
perchloric acid, and the inorganic P determined. Inorganic P, in the presence 
of labile P, was estimated at 0—-5° C as described by Ernster et al. (15). The 

‘Manuscript received February 16, 1961. 
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radioactivity present in the phosphorus samples was counted in a M-6 liquid 
counter (20th Century Electronics, London, S.E.27) using a Berkley scaler 
(Model 2001). The counting rate was corrected for background and decay, 
and specific activities were calculated as counts per minute per microgram of 
phosphorus. 


Incubation 

Incubations were carried out, with shaking, at 30° C in 40-ml centrifuge tubes 
containing the following constituents in 6.0 ml: phosphate buffer, pH 5.98, 
30 uzmoles; HDP, 40 zmoles; ADP, 20 zmoles initially and 20 zmoles after 1 hour 
of incubation; MnSQ,, 3 umoles; NaF, 120 umoles; H3P*O,, neutralized to 
pH 6, 0.25—1.0 mc; and enzyme, 40 mg. At the end of 3 hours the tubes were 
cooled in ice and deproteinized with 4 ml 12.5% (w/v) trichloroacetic acid 
(TCA) and 10 ml 5% (w/v) TCA. After 30 minutes the protein precipitate was 
separated by centrifugation. 


Isolation 

Step 1 

The supernatant (approx. 19 ml) was treated with Norit A (6, 16). After it 
was washed, the charcoal from all tubes was pooled and eluted with 2% (v/v) 
NH.,OH in 50% (v/v) ethanol (6), and the eluate, free from charcoal, was 
concentrated under reduced pressure in a rotary evaporator with the bath 
temperature below 30° C. 

Step 2 

The nucleotide concentrate was precipitated with mercuric acetate and re- 
constituted with hydrogen sulphide, as described by Berger (25), and the acidic 
supernatant from this treatment was neutralized to pH 7.5 with N LiOH and 
chromatographed as described in step 3. 

In a limited number of tests the acetone precipitation procedure of Shuster 
and Goldin (27) was used in place of the charcoal-precipitation and mercury- 
precipitation steps. This procedure gave somewhat higher yields of ATP but 
not of ADP. 

Step 3 

The neutralized nucleotide solution was added to a column (12 X2.2 cm) of 
Dowex-1-Cl-, X-2, 200-400 mesh resin which had been previously treated with 
6 N HCl and exhaustively washed with water. The sample was washed on with 
25 ml water and elution was carried out with 0.003 N HCl in which the LiCl 
concentration was gradually increased either in a stepwise fashion or as a 
convex or concave gradient. The gradients were obtained using two cylinders 
whose cross-sectional areas were in the ratio 1:2 (17). Fractions (each approxi- 
mately 20 ml) were collected and examined,at 260 my for evidence of adenine- 
containing nucleotides. The tubes containing the desired nucleotides were 


Fic. 1. Elution patterns of nucleotide mixtures under various conditions: A, stepwise 
increments of LiCl; B, convex gradient of LiCl; and C, concave gradient of LiCl. For 
details of peak identification, see text. 




















5.0," (2) 


A 


0.300 
0.290 
































0.300 
0.290 


30.245 
































a 
E 
°o 
© 
N 30.195 
=) 
ni 4 
- 
o 40.145 
z 
w 
a 4 
a 
o 470.095 
ren 
a 4 
°o 
47 0.045 
1 1 1 
5.0, (2) C 
(6) 
0.300 
70.290 
4.0 Fr 4 
40.245 
(4) 
4 
3.0 - 
34 0.195 
4 
2.0- 40.145 
) 4 
4 0.095 
tok (3) 
» ( 4 
, 5) 49.045 
1 1 4 i 1 1 L i 
° 20 40 60 80 100 120 140 160 180 200 220 


FRACTION NUMBER 
Fic. 1. 








STEWART AND STRICKLAND: P®-LABELLED ADENINE NUCLEOTIDES 


in 0.003 N HCI 


MOLAR CONCENTRATION of Li Cl 








1144 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


pooled, neutralized with N LiOH, and concentrated. The nucleotide fraction 
was precipitated as the Lit-salt with methanol and acetone as described by 
Smith and Khorana (6), and dried by washing with ether and petroleum ether 
(boiling range, 30—50° C). 


Identification of Peaks 

In Fig. 1 is shown the distribution of ultraviolet-absorbing material under 
three sets of chromatographic conditions. In curve A, stepwise elution of char- 
coal eluates not subjected to mercury precipitation (step 2) is shown. Curves 
B and C depict chromatograms of preparations subjected to mercury precipita- 
tion and convex or concave gradient elution. In Table I, data relevant to the 
identification of chromatographic peaks in Fig. 1 are shown. Peak 2 appears to 
be the DPN, which was a component of the original reaction mixture. Peak 3 is 
inosine monophosphate (IMP) and the enzyme preparation has been shown in 
separate experiments to produce this nucleotide from adenine nucleotides in the 
absence of other added substrates (13). Peak 4 is ADP and is composed partly 
of ADP added to the original reaction mixture and partly of ADP formed by 
phosphorus exchange. Peaks 6, 7, and 8 in the stepwise elution and peak 6 in 
the convex and concave gradient elutions exhibit the properties of ATP. 
Peaks 1 and 5 have not been identified. 

When stepwise elutions are used, ATP can be removed from the column in 
three fractions by successive increases of LiCl concentration from 0.075—0.30 M. 
This inhomogeneous behavior was observed in preparations isolated from yeast, 
but was not evident in artifically compounded nucleotide mixtures nor on 
rechromatography of the combined peaks from yeast. Furthermore changing 
the resin porosity and crosslink did not seem to affect this pattern. That each 
of the peaks is, in fact, ATP is indicated by the spectrophotometric data, the 
phosphorus-to-adenine ratios, the reaction with hexokinase, and the specific 
activities of total and labile phosphorus (see footnote, Table IV). 

Introduction of the mercury-precipitation step (i.e. step 2) and utilization of 
smoothly varying salt gradients have simplified the elution pattern and per- 
mitted the recovery of most of the ATP in a small number of fractions. Investi- 
gation of convex (Fig. 1B) and concave (Fig. 1C) gradients indicated that the 
most satisfactory separation was obtained with the concave gradient. How- 
ever, if speed is of importance, the convex gradient which yields‘a well-sepa- 
rated ATP peak may be useful. 


The Distribution of P** in Adenosine-P*-O-P®-O-P* 

1. Determination of 8- and y-P 

The phosphorus in the y-position can be transferred to glucose to form 
glucose-6-phosphate (G-6-P) by yeast hexokinase. An amount of the isolated 
ATP® equivalent to 6.35 umoles was allowed to react with glucose in the 
presence of hexokinase under the conditions of Colowick and Kalckar (18). 
Gas production equivalent to 6.05 “moles CO, was recorded at the end of the 
reaction and the reaction mixture was treated with sufficient TCA to give 
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10 ml 5% (w/v) solution. The nucleotides were separated from the TCA 
supernatant with charcoal by the method of Crane and Lipmann (16). In order 
to isolate the ADP formed, the charcoal residue was eluted with ammoniacal 
aqueous ethanol as described under step 1. The eluate after concentration was 
adjusted to pH 8 and chromatographed on Dowex-1-Cl-, X-2, 200-400 mesh. 
The column was eluted with 1 liter 0.003 N HC1:0.02 N LiCl and 15 ml 
fractions were collected. Ultraviolet absorption at 260 my, total P and labile P 
estimations were carried out and the specific activities of the total- and @-P 
were calculated. A total yield of 2.21 “moles of ADP was obtained and there 
was evidence of an appreciable loss of radioactivity on the charcoal. The first 
charcoal supernatant was extracted four times with two volumes of ether to 
remove the TCA. Cations were removed on a small column of Dowex-50-Ht 
and the acidic effluent was neutralized to pH 8.0 with KOH. This solution was 
placed on a column (141 cm) Dowex-1-Cl-, X-2, 100-200 mesh. Elution was 
carried out stepwise with 300 ml 0.003 N HCl and 300 ml 0.01 N HCl, and 
15 ml fractions were collected. Each fraction was analyzed for hexose by the 
anthrone procedure of Bartlett (19) with appropriate allowance for Cl~ ion. 
Ultraviolet measurements at 260 my and total P determinations were also 
carried out and the phosphate-to-glucose ratio and the specific activity of 
G-6-P (i.e. y-P of ATP) were calculated. 

Figures 2A and 2B illustrate the chromatographic isolation of the products of 
reaction of AT P® with glucose in the presence of hexokinase. Analytical data 
on these products and the starting material are contained in Table I]. In all 


preparations, analysis has indicated a slight preponderance of radioactivity in 
the y-P relative to the @-P. 


2. Determination of a-P 

(a) Acid hydrolysis ——Since treatment of ATP with N HCl at 100° C for 
10 minutes liberates most of the a-P as ribose-5-phosphate (20, 21), isolation 
of this product from such an hydrolysis mixture was attempted. An amount of 
ATP® equivalent to 8.4 “moles was hydrolyzed in 2.0 ml of N HCl at 100° C 
for 10 minutes. The solvent and acid were removed in vacuo from the frozen 
reaction mixture by means of P,O; and KOH. The residue was dissolved in 
1.0 ml water and washed onto a Dowex-1-Cl-, X-2, 200-400 mesh column 
(12X1cm). Elution was carried out stepwise with 2 liters 0.025 M NH,OH + 
1X10-> M NaeB,O; and 1 liter 0.03 M NH,Cl (22), and fractions of approxi- 
mately 20 ml were collected. Most of the radioactive inorganic P was washed 
off the column with solvent 1. Fractions collected after this peak were analyzed 
for pentose by the orcinol method (23). The pentose peak was subjected to 
total P and inorganic P analyses and the pentose to organic phosphate ratio and 


Fic. 2. Chromatographic separations of products from the interaction of ATP® with 
glucose in the presence of hexokinase. Curve A shows the isolation of ADP; the small peak 
near the origin (fractions 3-7) contains no radioactivity and seems to arise mainly from 
the resin. Curve B shows the distribution of anthrone-positive material in the charcoal 
supernatant; the large peak at the origin corresponds to unreacted glucose and the ultra- 
violet-absorbing material has not been identified. 
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the specific activity of the ribose-5-phosphate were calculated. 

(b) Alkaline hydrolysis —Ba(OH): is reported to cleave ATP into AMP and 
pyrophosphate (24, 25). Accordingly 15 mg of tetralithium AT P® was dissolved 
in 6 ml water and adjusted to pH 9.5 and maintained at this pH and a tempera- 
ture of 80° C for 150 minutes by means of an automatic titrator (Radiometer, 


TABLE II 


The distribution of label in the B- and y-P atoms derived from the analysis of 
the products of interaction of ATP® with an excess of glucose in the 
presence of yeast hexokinase 
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.p:m. Pp 
Total P 10-min P- Total P (c.p.m./ug P) 











Lae AL a dcndla 


umoles Adenine Adenine Glucose Total P 10-min P 
Starting material > 
ATP® 6.35 2.96 2.03 — 41,078 59,578 
Products Yield 
ADP i ie 2:45 1.03 — 32 ,898 61 , 399* 
G-6-P 4.91 — — 0.93 61,8207 — 





*i.e. B-P of ATP#?. 

tie. -P of ATP, 
Copenhagen). In this time, 1.15 moles of Ba(OH)2 per mole of ATP were 
consumed. The hydrolyzate was cooled and made to 20 ml with sufficient 
TCA to give a final concentration of 5% (w/v). The nucleotides were adsorbed 
on 1 g neutral Norit A which was washed by centrifugation with distilled water 
until negligible radioactivity remained in the wash. The charcoal was eluted 
essentially as described by Baddiley et a/. (26). The eluate was concentrated, 
neutralized to pH 8, and chromatographed on a column (141 cm) of Dowex-1- 
formate, X-2, 200-400 mesh, using a linear gradient elution from 0 to : 
2 N formic acid. Two peaks containing radioactivity were obtained which anal- 
yzed as AMP and ADP. Specific activities of the total P and labile P were 
calculated. 

The data in Table III, obtained from acid and alkaline hydrolysis of ATP®, 
show that there is negligible labelling of the a-P of ATP under the conditions of 


TABLE III 


The determination of the radioactivity in the a-P atom derived from the analysis 
of the products of the acid and alkaline degradation of ATP® 
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Acid degradation 


ATP® (initial) 3.03 2.01 — 18,132 25,747 

Ribose-5-phosphate — — ~ 1.00 270* — 
Alkaline degradation 

ATP® (initial) 2.99 1.96 — 19,375 28,922 

AMP 0.99 -- 397* — 

ADP 1.94 0.96 — 14,781 29 ,650F 





*i.e. a-P of ATP32, 
tie. B-P of ATP#2. 
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this synthesis. In fact, about 75 times as much P® is found in the @-P as in 
the a-P. 


Results and Discussion 


In Table 1V the analytical data from several preparations of ATP* are 
presented, showing the effect of varying P** activity on the specific activity of 
the product. The spectrophotometric data in Table I and the analytical data 
of Table IV indicate that a product of satisfactory purity was obtained. The 
yield approaches 40% and the method is capable of producing relatively large 
quantities of product. 

As a by-product of this preparation, significant amounts of ADP® are 
formed. Data describing the yield and radioactivity of this ADP are presented 
in Table V. 

The preparation of ATP*® described is a simple and comparatively rapid 
procedure which yields large amounts of ATP of any desired activity and 
labelled primarily in the 8- and y-phosphorus atoms. Approximately 50% of 
the nucleotide added is recovered as labelled ADP and ATP in the ratio of one 
to about four. A modified chromatographic separation based on gradient 
elution has been described which permits recovery of the nucleotides formed in a 
minimum number of fractions. _ 

Experience in this laboratory with methods dependent upon oxidative 
phosphorylation and chemical synthesis have not been entirely satisfactory. 
The yields obtained with greater difficulty and more time have always been 
less than with the present procedure. The latter method is well suited for the 
preparation of labelled ATP in sufficient quantities for use in the biological 
synthesis of other phosphorus compounds. 
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GLYCOLYSING PROPERTIES OF A STABLE YEAST EXTRACT! 


H. B. STEWART 


Abstract 


The preparation of a soluble extract from brewer's yeast by means of a Mickle 
disintegrator is described. This extract, which may be stored in a freeze-dried 
state, is capable of alcoholic fermentation. Its properties have been compared with 
extracts made by other methods. 


Introduction 


Various non-living preparations of yeast have been reported to be capable of 
carrying out the sequence of reactions associated with alcoholic fermentation. 
Yeast press juice prepared from yeast ground with sand (1), maceration juice 
(2), juices obtained from yeast subjected to freezing in liquid air (3), and 
preparations derived from yeast treated with sonic oscillation (4) have been 
described. In addition, fermentation reactions have been studied in whole 
yeast cells rendered permeable to metabolites by special treatment (see 
Meyerhof (5)). The properties of these preparations vary somewhat and depend 
particularly upon the strain of yeast used, the stability of the coenzymes under 
the conditions of extraction, the phosphate content of the extract, and the 
presence or absence of ATPase in the extract. 

The present paper describes the properties of a stable, soluble brewer’s yeast 
extract of reproducible characteristics prepared by isolating the supernatant 
from yeast cells ruptured by shaking with glass beads. This preparation is 
capable of carrying out all the reactions of fermentation and has proved to be a 
useful tool for the study of various glycolytic reactions. 


Materials and Methods 


Hexose diphosphate (HDP) was purified from the commercial barium salt 
and converted to the tricyclohexylammonium salt as described by McGilvery 
(6). Adenosine triphosphate (ATP), adenosine diphosphate (ADP), diphos- 
phopyridine nucleotide, oxidized (DPN) and reduced (DPNH), and hexokinase 
were obtained from Pabst Laboratories, Milwaukee. Yeast glyceraldehyde 
phosphate dehydrogenase was obtained from the Sigma Chemical Corporation, 
St. Louis. The monosodium salt of glutathione was supplied by Nutritional 
Biochemicals, Cleveland. Lithium-2,3-diphosphoglyceric acid was prepared 
from the barium salt isolated from pig red cells (7) by treatment with Dowex- 
50-H* in slurry followed by neutralization of the supernatant with LiOH, 
concentration, and precipitation of the salt with methanol and acetone. Other 
chemicals were, so far as possible, of reagent grade. Water was redistilled from 
glass. ; 


1Manuscript received February 16, 1961. 


Contribution from the Department of Biochemistry, University of Western Ontario, London, 
Ontario. 
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Manometry in a conventional Warburg respirometer was carried out by 
standard techniques qualified as necessary in the protocol accompanying 
individual experiments. Gas productions observed when HDP was used as 
substrate were multiplied by 1.24 in order to correct for the difference in acidity 
between HDP and inorganic phosphate (8, 4). 

Paper electrophoresis was performed on a nucleotide fraction, isolated by a 
slight modification of the method of Shuster and Goldin (9), in 0.02 M tri- 
ethanolamine buffer containing versene (10) on Whatman No. 3MM paper 
with a potential difference of 5 volts/em. Nucleotides were separated chroma- 
tographically on Whatman No. 1 paper by the descending method in a solvent 
of isobutyric acid/ammonia/water, 66:1:33. 

Dialysis of enzymes was carried out at 2—4° C in two stages. Yeast extract 
(150 mg in 4 ml of water) was dialyzed overnight, with stirring, against 6 liters 
of 1X10-* M cysteine neutralized to pH 6 with solid sodium acetate and again 
for 5 hours against another 6 liters of the cysteine buffer. At the end of dialysis 
the enzyme was diluted to give a concentration of 30 mg/ml expressed in terms 
of original weight. 

Inorganic phosphorus in the presence of labile nucleotide phosphorus was 
determined under the conditions described by Ernster, Zetterstrém, and 
Lindberg (11). 


Yeast 
Moist fresh brewer’s yeast was spread in a 0.5- to 1.0-cm layer on absorbent 


paper and dried overnight in a current of air at room temperature. When 
stored at 5° C in sealed containers this yeast appears to be stable indefinitely 


Extraction 

All operations were carried out at 0-5° C. Dry yeast was suspended in water 
(100 mg/ml) and sedimented by low-speed centrifugation twice (850g). The 
residue was suspended at the same concentration in water at 0° C and approxi- 
mately 6 ml was introduced into each of two 10-ml screw cap sample bottles 
which contained 3 g of Ballotini, No. 12 (English Glass Co., Leicester, Leics.). 
A drop of tri-m-butyl citrate was added to each vessel as an antifoaming agent. 
The vessels were fixed in the chambers of a Mickle disintegrator (12) and 
shaken for two 10-minute periods, separated by a 10-minute interval for re- 
cooling. The supernatant was decanted from the beads. Microscopic examina- 
tion with nigrosin stain at this stage indicated that 50-75% of cells had been 
ruptured. This suspension was centrifuged at 2500 Xg for 10 minutes and the 
turbid supernatant was further centrifuged at 100,000Xg for 30 minutes 
(Spinco Model L preparative centrifuge). The clear yellow supernatant was 
removed and immediately freeze-dried. The“residue is equivalent to 18-25% 
of the initial weight of the yeast extracted. The following analyses are typical: 
volatile at 105° C, 14.16%; volatile at 600° C, 70.53%; ash weight, 14.92%. 
If all of the nitrogen is assumed to be non-volatile, then the organic fraction 
contains 9.43% N. Calculated as NaH,PO,, 82% of the ash weight is phos- 
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phate. An aqueous solution of the freeze-dried extract has a pH of 6.6-6.9. 
The distribution of a soluble enzyme, carboxylase, for each of the centrifugal 
fractions from the above procedure is shown in Table I. 


TABLE I 


Distribution of carboxylase activity in centrifugal fractions 
prepared following rupture of yeast cells 








Fraction ul CO, Yo recovery 


Whole cells 39,700 

Wash water 241 

Washed cells 39,460 

Ruptured cells 31,900 

Low-speed residue 280 
(2,500 X g X10 min) 

High-speed residue 743 
(100,000 X g X30 min) 

Supernatant fraction 30, 200 








Note: Activity expressed as ul CO: liberated from an excess of pyruvate 
by the ivalent of 1 g of yeast in 0.05 M citrate buffer at pH 5.8 in the 
presence 4f Mg** (0.002 M) in 10 minutes. 


Results and Discussion 
Fermentation of HDP 
In Fig. 1 the CO, production from HDP in the presence and absence of 


arsenate is shown. Quantitative fermentation of the added HDP in the pres- 
ence of arsenate is quickly achieved. In the absence of arsenate a slow but 


significant fermentation of HDP occurs which may reach 30% of completion 
in 6 hours. The fermentation in the absence of arsenate is stimulated by ADP 
(6X10-* or 6X10-* M) but is strongly inhibited by higher concentrations of 
ADP (1.66X10-? M). It appears that HDP fermentation proceeds slowly when 
it is obligatorily coupled with phosphorylation. Arsenate frees the preparation 
from this restriction (13, 14). 


Fermentation of Hexose 

A typical group of reactions in Tris (tris(hydroxymethyl)aminomethane) — 
citrate buffer is shown in Fig. 2. Glucose and fructose appear to be equally 
well fermented, although as is usual in such preparations the time required to 
initiate fructose fermentation is somewhat less than that for glucose (15). The 
exact reason for the reduced induction period in the case of fructose is not clear 
but may be related to the fact that the hexokinase at concentrations of sugar 
in excess of 1X10-* M catalyzes the phosphorylation of fructose more rapidly 
than glucose (16, 17), thereby accelerating the accumulation of HDP. 

Different preparations varied somewhat in their cofactor requirements but, 
in general, cofactor additions were necessary to obtain optimal rates and not to 
detect fermentation. Curves comparable to Fig. 2 were obtained in phosphate 
buffer (0.025 M). Active fermentation in the absence of added phosphate is a 
consequence of the relatively large amount of inorganic phosphate in the 
enzyme preparation. 
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Fic. 1. The effect of arsenate on HDP fermentation. 

Main compartment of vessel contained: phosphate buffer, pH 6.1, 25 umoles; DPN, 
0.8 umole; glutathione, 10 umoles; MnSO,, 1.5 umoles; HDP, 10 uwmoles. Side arm con- 
tained: yeast preparation, 10 mg in 0.5 ml. Final volume, 3 ml. Incubated in air at 30° C. 
Curve A: vessel contains 15 umoles arsenate; curve B: no arsenate. 


The lag in the initiation of rapid fermentation in maceration juices was 
observed by Neuberg (18), who showed that much of the lag could be prevented 
by the addition of a wide variety of aldehydes. Harden and Henley have 
suggested (19) that the addition of acetaldehyde (AcH) to the reaction mixture 
accelerates the onset of rapid fermentation by acting as a hydrogen acceptor. 
In Fig. 3 the effects of ACH and HDP on the initial rate of fermentation in the 
present preparation are shown. It can be seen that the addition of HDP 
reduces the lag as does the addition of AcH but that both cofactors are neces- 
sary to completely abolish the toe in the curve. These observations are in 
agreement with those of Meyerhof and Kiessling (20). The data suggest that 
the lag corresponds to the period required to establish a steady-state concen- 
tration of acetaldehyde sufficient to permit the alcohol dehydrogenase to 
regenerate DPN at a rate fast enough to meet the needs of the triose phosphate 
dehydrogenase, which reaches a limiting velocity in the presence of priming 
quantities of HDP (3 wmoles). AcH can be replaced by n-butyraldehyde 
(10 zmoles) or methylene blue (0.5 mg). It follows that, in the presence of 
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Fic. 2. The fermentation of hexoses. 

Main compartment of all vessels contained: Tris—citrate buffer, pH 5.6, 0.0166 M; DPN, 
0.6 umole; ATP, 4 umoles (except in case of HDP); MgCl, 16 umoles. Side arm contained: 
yeast preparation, 10 mg in 0.5 ml. Final volume, 3.0 ml. Incubated in air at 30°C. Blank 
CO, production subtracted in all cases. Curve A: glucose, 30 umoles; curve B: fructose, 
30 umoles; curve C: glucose, 30 umoles, and HDP, 5 umoles; curve D: HDP, 5 umoles. 


HDP, it should be possible to replace AcH by large amounts of oxidized DPN. 
DPN does, in fact, have a stimulatory effect as is shown in Fig. 4 but it will be 
noted that even very high concentrations (12 zmoles) are not as effective in 
abolishing the lag as is AcH. The reason for this imperfect response to the 
addition of DPN is uncertain but it may be related to lags in hydrogen transfer 
between free DPN and DPN bound to the triose phosphate dehydrogenase (21). 
The more rapid reaction rate with AcH might be explained if it is assumed that 
the alcohol dehydrogenase is capable of a concerted reaction with the bound 
DPN of the triose phosphate dehydrogenase. 

In Fig. 5 the converse experiment is shown where DPNH was used in place of 
DPN. In the presence of DPNH, the onset of rapid fermentation of hexose 
alone is greatly delayed (to about 120 minutes) while significant fermentation 
of HDP did not occur in a period of 44 hours. Combination of HDP and 
hexose in the presence of DPNH showed a considerable lag over the corre- 
sponding mixtures containing DPN. The experiments with agents which 
influence the lag period indicate that the initiation of rapid fermentation is 
dependent upon the presence of both HDP and oxidized DPN and that enzymic- 
ally generated DPN is more effective than added DPN in eliminating the toe 
of the curve. 
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Fic. 3. The effect of ACH and HDP on the initiation of fermentation. 

Main compartment contained: phosphate buffer, pH 6.02, 40 umoles; DPN, 0.6 umole; 
MnSO,, 1.5 umoles; glutathione, 33 umoles; glucose, 10 uymoles; ADP, 5 uwmoles; Li-2,3- 
diphosphoglyceric acid, 0.15 umole. Side arm contained: yeast preparation, 20 mg. Final 
volume, 3 ml. Incubated in air at 30° C. Curve A: no other additions; curve B: AcH, 
11 umoles; curve C: HDP, 3 umoles; curve D: AcH, 11 wmoles, and HDP, 3 umoles. 


The observations of Harden and Young (22) on the rapid phase of fermenta- 
tion led them to describe events in terms of equation [1]: 


2CsHi2056 + 2R2HPO,g — 2COz + 2CHsCH20H + CeHioO4 (PO«R2)2 + 2H20. [1] 


Accordingly, rapid fermentation in a system limited by sugar and not by 
phosphate would be expected to yield 1 mole of CO2 per mole of hexose added. 
Meyerhof (4), among others, has investigated the controlling factors in deter- 
mining this relationship and has concluded that the period of rapid fermenta- 
tion corresponds to the period of phosphorylation of sugar and, therefore, to 
the period of generous supplies of ADP. When hexose is completely phos- 
phorylated, the rate of fermentation is dependent upon the availability of 
phosphate acceptors or upon the presence of active ATPase, either mechanism 
leading to ADP formation. Meyerhof has shown that soluble yeast extracts, 
as opposed to whole yeast, are relatively deficient in ATPase and has been able 
to restore rapid fermentation in the second or slow phase by the addition of 
partially purified potato apyrase preparations. 
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Fic. 4. The effect of DPN on the initiation of fermentation. 

Main compartment contained: phosphate buffer, pH 6.02, 40 umoles; MnSO,, 1.5 wmoles; 
glutathione, 33 umoles; ADP, 5 umoles. Side arm contained: yeast preparation, 20 mg. 
Final volume, 3 ml. Incubated in air at 30° C. Curve A: glucose, 10 wmoles, and DPN, 
12 wmoles; curve B: HDP, 3 umoles, and DPN, 12 umoles; curve C: glucose, 10 umoles, 
pert : umoles, and no DPN; curve D: glucose, 10 umoles, HDP, 3 uwmoles, and DPN, 
12 umoles. 


In studies with the present preparations, more than one factor appears to be 
involved in permitting the second stage of fermentation to proceed to comple- 
tion. The Harden and Young relationship clearly holds in this preparation, 
as indicated by the sharp inflection in the CO; production curve when 10 zmoles 
of CO, have been expelled from a medium initially containing 10 “moles of 
glucose (see, for example, Fig. 4). Figure 6 illustrates the effect of adding ADP 
to the reaction mixture after the slow phase of fermentation has begun. The 
addition produces a burst of CO: evolution followed by re-establishment of 
approximately the same rate of fermentation as prevailed before the addition of 
the nucleotide. This observation provides direct confirmation of Meyerhof's 
contention that ADP concentration is rate-limiting in the slow phase. 

When extensively dialyzed enzyme was incubated with ATP at pH 9.0 in 
the presence of manganese and glutathione, inorganic phosphate was liberated 
(Table II) presumably as a consequence of ATPase activity. Paper electro- 
phoresis of the residual nucleotide showed the presence of ADP in the reaction 
mixture and paper chromatography of large amounts of the deproteinized 
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Fic. 5. Comparison of the effects of DPN and DPNH on initiation of fermentation. 

Main compartment, side arm, and incubation conditions as in Fig. 4. Curve A: glucose, 
10 umoles, and DPN, 12 umoles; curve B: HDP, 3 umoles, and DPN, 12 umoles; curve C: 
glucose, 10 umoles, DPN, 12 umoles, and HDP, 3 umoles; curve D: glucose, 10 umoles, and 
DPNH, 12 umoles; curve E: HDP, 3 umoles, and DPNH, 12 umoles; curve F: glucose, 10 
umoles, HDP, 3 umoles, and DPNH, 12 umoles. 


TABLE II 
The effect of dialyzed yeast extract on ATP 








Inorganic phosphorus (ug) 








Zero After 

time incubation AP; 
ATP blank 2.03 2.04 +0.01 
Enzyme blank 1.69 0.79 —0.90 
Complete mixture iG Fag 27.53 +23.81 
Complete mixture + azide 3,32" 26.91 +23.19 





Note: Each vessel contains glycine buffer, pH 9.0, 50 wmoles; MnSO,.4H2C, 
4.5 umoles; glutathione, 15 wzmoles. In appropriate tubes: ATP, 3 wmoles; NaNs, 
6 wmoles. Yeast extract, 12 mg. Final volume, 3.0 ml. Incubated 45 minutes in 
air. Deproteinized with 0.5 ml 60% perchloric acid after chilling. Zero time 
blanks prepared by addition of cold perchloric acid to chilled tubes before addi- 
tion of yeast extract. 


*By calculation. * 


reaction mixture revealed traces of AMP. No change was observed in ATP 
samples incubated in the absence of enzyme. The addition of azide (2X10-* M), 
contrary to the observations of Meyerhof, has an insignificant inhibitory effect. 
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Fic. 6. The effect of ADP on the slow phase of fermentation. 

Main compartment contained: phosphate buffer, pH 6.02, 40 umoles; DPN, 0.6 umole; 
glutathione, 33 ymoles; MnSO,, 1.5 umoles; glucose, 10 umoles; HDP, 3 umoles; m-butyr- 
aldehyde, 10 umoles; Li-2,3-diphosphoglyceric acid, 0.15 umole. Side arm No. 1 contained: 
yeast preparation, 20 mg: Side arm No. 2 contained: ADP (3.3 umoles). Final volume, 3 ml. 
Incubated in air at 30°C. Curve A: 5 umoles ADP added at zero time; curve B: 3.3 umoles 
ADP at zero time and 3.3 umoles at 70 minutes; curve C: no ADP added. 


Paper electrophoresis of nucleotides isolated from trichloroacetic acid filtrates 
by means of charcoal (23) after incubation of ADP with undialyzed enzyme at 
pH 5.93 revealed in addition to ATP and AMP a spot which when eluted was 
spectroscopically and chromatographically identical with inosinic acid (IMP) 
and yielded a phosphorus to inosine ratio of 0.9. 

When the yeast preparation is incubated with appropriate cofactors (for 
example, as in Fig. 6) fermentation as defined by reaction [2] proceeds to 
approximately 80% of completion: 

CsH1206 — 2CH;CH20OH + 2CO:. (2] 


However, supplementation of the reaction mixture with glyceraldehyde 
phosphate dehydrogenase (Fig. 7) does permit virtually quantitative CO, 
production. That the triose phosphate dehydrogenase may become inactivated 
by loss of its bound DPN or is, perhaps, subject to inactivation after loss of its 
bound DPN is suggested by the observation that large amounts of DPN 
increase the rate of fermentation in the slow phase (Fig. 4). When such DPN- 
supplemented reaction mixtures are allowed to proceed to completion approxi- 
mately 90% of the theoretical CO, is recovered. 

The effect of various other cofactors on fermentation by the preparation 
was studied. Glutathione was required by one preparation. More usually it 
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Fic. 7. The effect of added glyceraldehyde phosphate dehydrogenase on the extent 
of fermentation. . 

Main compartment contained: phosphate buffer, pH 5.98, 25 umoles; DPN, 0.8 umole; 
ADP, 5 umoles; MnSO,, 1.5 umoles; glutathione, 3.3 umoles. Side arm contained: yeast 
preparation, 20 mg. Reaction volume, 3. ml. Incubated in air at 30° C. Curve A: water 
in place of glucose; curve B: 10 uwmoles glucose; curve C: 10 wmoles glucose plus 0.05 ml 
crystalline glyceraldehyde phosphate dehydrogenase. 

was possible to observe a small stimulation with high concentrations (e.g. 
3.3X10-* M) while concentrations between 110-* and 1X10-* M had little 
effect. 

It was possible to consistently demonstrate a small stimulation with 2,3- 
diphosphoglyceric acid, the coenzyme of phosphoglyceric acid mutase. This 
supplement was equally effective at 5X10-> M or at 5X10 M. The final 
yield of CO: was not affected by its presence. 

Supplementation with yeast hexokinase had a small stimulatory effect; 
however, as shown in Fig. 8 in the presence of fluoride, there is a rapid liberation 
“of CO. when glucose is allowed to interact with two equivalents of ATP. It 
may be concluded that the preparation is not limited by glucokinase or phospho- 
fructokinase. Under conditions where fermentation is inhibited by fluoride, 
the excess of CO, over the two equivalents which may be expected from the acid 
groups liberated from ATP by the kinase reactions may be derived from dis- 
mutation of phosphoglyceraldehyde and dihydroxyacetone phosphate into 
3-phosphoglyceric acid and a-glycerophosphate by virtue of the small amount 
of a-glycerophosphate dehydrogenase present in the yeast (24). 

Fluoride (210-2 M) in the presence of added manganese was capable of 
quantitative inhibition of the preparation, and p-chloromercuribenzoate com- 
pletely inhibited fermentation at 1X10-* M. 
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Fic. 8. Kinase activity in yeast preparation. 

Main compartment contained: glucose 10 umoles; ATP, 20 umoles; MnSQO,, 2 umoles; 
glutathione, 10 umoles; NaF, 60 umoles; NaHCOs, 50 umoles. Side arm contained: yeast 
extract, 20 mg dissolved in 0.5 ml of 0.02 N NaHCO;. Total volume, 3 ml. Gassed for 
10 minutes with 95% N:-—5% CO, at 30° C. Calculated pH 7.4. Curve A: no ATP; 
curve B: no glucose; curve C: ATP + glucose. 


Summary 


A soluble, stable yeast extract has been described which, when studied under 
conditions where phosphate is not limiting, performs all of the reactions of 
alcoholic fermentation. The preparation is highly active and conveniently kept 
at hand. The ease and rapidity of preparation of the extract and its remarkable 
stability in the dry state make this material preferable to previously described 
press juice preparations. The comparatively low ATPase activity of the extract 
has made it suitable for the preparation of phosphorylated intermediates of 
glycolysis in any desired amount. The enzyme system has proved useful for the 
preparation of phosphorus-labelled adenine nucleotides (25) and carbon- and 
phosphorus-labelled a-glycerophosphate (24). It has been used as an analytical 
tool in the manometric determination of pyruvate and in the study of kinetics of 
carboxylase. 
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ON THE MECHANISM OF GLUCOSE METABOLISM IN 
THE PLANT TUMOR-INDUCING ORGANISM 
AGROBACTERIUM TUMEFACIENS' 


A. VARDANIS? AND R. M. HOCHSTER 


Abstract 


Extracts of the plant tumor-inducing organism Agrobacterium tumefaciens do 
not oxidize glucose directly to gluconic or to 2-ketogluconic acid. Such extracts 
contain an extremely active, cyanide-sensitive DPNH oxidase. TPNH oxidase 
shows little activity and pyridine nucleotide transhydrogenase appears to be 
absent. Hexokinase is active, glucose-6-phosphate dehydrogenase functions either 
as a DPN- or asa TPN-linked system, 6-phosphogluconic acid dehydrogenase is 
TPN-specific, and glyceraldehyde-3-phosphate dehydrogenase is DPN-specific. 

Evidence is presented to show that the pentose cycle operates in such prepara- 
tions and also that the extent to which it functions is determined by the rate- 
limiting dehydrogenation and decarboxylation of 6-phosphogluconate. Thus, 
heptulose phosphate is formed readily from ribose-5-phosphate and much less 
effectively from 6-phosphogluconate. The net formation of hexose as a product 
of the cycle is also shown. It was possible to demonstrate under certain conditions 
that an effective competition exists between glyceraldehyde-3-phosphate dehydro- 
genase and transaldolase for available triose phosphate. 

From reaction rates and other data it is clear that the Entner—Doudoroff 
6-phosphogluconate-splitting pathway is the major avenue of hexose phosphate 
utilization in cell-free extracts. Pyruvate thus formed is oxidized via the tri- 
carboxylic acid cycle while glyceraldehyde-3-phosphate can be changed slowly into 
pyruvate or be recycled into hexose phosphate. * The latter pathway is facilitated 
by the existence a a highly active fructose-1,6-diphosphatase. 

Whereas phosphohexoeeisomerase i is found to be highly active, phosphofructo- 
kinase shows very little activity, aldolase does not appear to be very effective, and 
the conversion of phosphoglyceric acid to pyruvate is extremely slow. For these 
reasons, glycolysis is considered to play a very minor role in glucose metabolism 
in these extracts. 

Data on the effects of some carbohydrate inhibitors on glucose-6-phosphate 
dehydrogenase and on phosphohexoseisomerase are also given. 


Introduction 


Agrobacterium tumefaciens is well known for its ability to initiate specifically 
the crown-gall tumor disease of plants. This disease, which results in uncon- 
trolled growth of plant tissue, has been the subject of many studies. However, 
most of this experimental work has been concerned with the process of tumor 
initiation and with the metabolism of crown-gall tissue itself. The net results 
have been presented in the form of an excellent review by Braun and Stonier (1). 

As yet the metabolic characteristics of the bacterium known to initiate this 
neoplastic condition have not been recorded in detail. Some preliminary data 
are available as part of a general study dealing with a variety of phytopatho- 
genic organisms (2, 3). In a previous report from this laboratory (4) the meta- 

1Manuscript received March 3, 1961. 

Contribution No. 515 from the Microbiology Research Institute, Research Branch, Canada 
Department of Agriculture, Central Experimental Farm, Ottawa, Ontario. 


2National Research Council of Canada Postdoctorate Fellow in collaboration with the 
Canada Department of Agriculture, 1959-1961. 


Can. J. Biochem. Physiol. Vol. 39 (1961) 
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bolism of adenine nucleotides in extracts of Agrobacterium tumefaciens (strain 
Bg) has been described and its close relationship to polynucleotide phosphorylase 
pointed out. It is the purpose of this paper to present the results of a detailed 
study on the mechanism of glucose oxidation by this organism and, in particular, 
to delineate the metabolic pathways involved. 


Material and Methods 
Materials 

The following substances used in this investigation were commercial prepara- 
tions: ADP,* ATP, DPN, TPN, and CoA (Pabst Brewing Co.); tris, 6-PG 
(see below), a-KG, DPNH, TPNH, lipoic acid, ThPP, and PEP (cyclohexyl- 
amine salt, see below) (Sigma Chemical Co.); R-5-P, sedoheptulose anhydride, 
malic acid, pyruvic acid, and glycylglycine (Nutritional Biochemicals Corp.) ; 
G-6-P, F-6-P, FDP, GAP (pL-glyceraldehyde-1-bromide-3-phosphoric acid 
dioxane addition compound), and 2’,3’-DPGA (Schwarz Laboratories) ; acetic 
acid, citric acid, succinic acid, and malonic acid (Fisher Scientific Co.) ; gluconic 
acid (Chas. Pfizer & Co.); 2-ketogluconic acid (Miles-Ames Research Labora- 
tory); 3’-PGA (C.F. Bohringer und Séhne) ; and iodacetic acid (Mann Research 
Laboratories). 

Commercially available 6-PG was found to contain trace amounts of another 
carbohydrate which corresponded chromatographically with G-6-P. Samples of 
6-PG were, therefore, subjected to bromination prior to use, according to the 
method of Seegmiller and Horecker (5). The product, found to be chromato- 
graphically pure, was used for the spectrophotometric determination of 6-PG 
dehydrogenase. The cyclohexylamine salt of PEP was converted to free PEP 
by treatment with IR 120 (H*) resin prior to use. Agrobacterium tumefaciens 
(strain Bs) was obtained through the courtesy of Dr. A. C. Braun, Rockefeller 
Institute, New York, and was used throughout this investigation. 


Preparation of Extracts 

The organism was grown in a medium consisting of 1% yeast extract and 
1% glucose in Fernbach flasks on a shaker for 18 hours at room temperature. 
Cells were harvested by centrifugation at 4000 r.p.m., washed twice with 0.9% 
NaCl, and suspended in tris buffer (0.05 M, pH 7.8). A dilution of 2 ml buffer 
per 1 g wet weight of packed cells was used routinely. The cell suspension was 
then treated with sonic vibration in a Raytheon 200-watt, 10-kc oscillator for 
10 minutes at a power output of 1.0 ampere. The material thus obtained was 
centrifuged at 11,000 r.p.m. (15,400Xg) at 0°-3° C for 15 minutes and only 


*The following abbreviations are used: ADP, adenosine diphosphate; ATP, adenosine tri- 
phosphate; DPN, diphosphopyridine nucleotide; DPNH, reduced form of diphosphopyridine 
nucleotide; TPN, triphosphopyridine nucleotide; TPNH, reduced form of triphosphopyridine 
nucleotide; CoA, coenzyme A; R-5-P, pD-ribose-5¢phosphate; GM-6-P, p-glucosamine-6- 
phosphate; 2DG-6-P, 2-deoxy-p-glucose-6-phosphate; G-6-P, D-glucose-6-phosphate; F-6-P, 
D-fructose-6-phosphate; FDP, pb-fructose-1,6-diphosphate; 6-PG, 6-phosphogluconate; GAP, 
p-glyceraldehyde-3-phosphate; 3’-PGA, 3-phosphoglyceric acid; 2’,3’-DPGA, 2,3-diphospho- 
glyceric acid; PEP, phosphenol pyruvic acid; ThPP, thiamine pyrophosphate; a-KG, a-keto- 
— acid; IOA, iodoacetic acid; TCA, trichloroacetic acid; tris, tris(hydroxymethyl)amino- 
methane. 
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the supernatant suspension was used for the experiments reported here. In 
experiments in which the use of dialyzed extracts is specified, the supernatant 
suspension was subjected to dialysis against distilled water overnight at 0°-3° C. 
Charcoal-treated extracts were prepared as follows: 10 ml of extract was 
treated with 300 mg acid-washed charcoal (Norit A) for 1 hour at 0°-3° C with 
gentle stirring. The charcoal was then removed by centrifugation at 10,000 
r.p.m. for 1 hour and the clear supernatant suspension used for the experiments 
described in the text. 


Enzyme Assays 

G-6-P, 6-PG, and GAP dehydrogenases were assayed by standard procedures 
(6, 7, 8) using phosphopyridine nucleotide reduction as a measure of activity. 
The reactions were followed in a Beckman DU spectrophotometer at 340 my 
at 25°C. 

Kinase activity was measured by determining the net CO, evolution from 
bicarbonate under anaerobic conditions in a Warburg apparatus (9). Aerobic 
oxidation experiments were carried out in Warburg vessels using KOH papers 
and air as the gas phase in a total volume of 3 ml. Substrates were always 
tipped in from the side arm at zero time. 


Incubation 

Incubation temperature was 30° C in all experiments other than the spectro- 
photometric determinations of dehydrogenase activities. Reactions were 
stopped by the addition of cold TCA to a final concentration of 5%. The 
mixtures were chilled, centrifuged, and aliquots of the supernatant solutions 
were used for analysis. 


Analytical Methods 

The TCA-orcinol spray (10) was used to identify heptulose on paper 
chromatograms (developed with propanol — glacial acetic acid — water, 60:1:39). 
For the quantitative estimation of heptulose, 0.1 ml of the deproteinized 
reaction mixture was streaked on paper and the position of heptulose phosphate 
determined by spraying reference strips cut from the same papers. The indivi- 
dual spots were eluted with a small quantity of distilled water and the eluates 
were analyzed by the specific method of Dische (11) using Procedure 2 with 
heating after acetic acid addition. 

Pyruvate was determined either by the direct or by the double extraction 
methods of Friedemann and Haugen (12) using toluene as solvent. Triose was 
measured as a chromogen in the presence of 2,4-dinitrophenylhydrazine and 
alkali (13). 

Experimental samples containing mixtures of heptulose and hexose were 
assayed according to the CyRI procedure for hexose of Dische et al. (14) as 
modified by Axelrod et al. (15). Samples treated in this manner gave, under our 
conditions, two well-defined peaks at 407 my and 503 my corresponding to 
hexose and heptulose respectively. Attempts were not made to analyze for 
hexose and heptulose quantitatively. Instead, observed optical density values 
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at the two wave lengths are recorded. Ketohexoses were measured according 
to the resorcinol test of Roe et al. (16) with 10-minute heating at 80° C. 
Inorganic phosphate and total phosphate were determined by the method 
of Fiske and SubbaRow (17). 
Protein concentration was estimated by the spectrophotometric method of 
Warburg and Christian (18). 


Experimental and Results 


Direct Oxidation of Glucose 
Aerobic incubation of dialyzed extracts of A. tumefaciens (1 ml, 45 mg pro- 
tein) with either glucose or gluconic acid (5 zmoles), for 2 hours, did not result in 
any net oxygen uptake. It was concluded that the direct oxidative pathway (19), 
glucose — gluconic acid — 2-ketogluconic acid, 
did not operate in these extracts. 


Hexokinase 

The activity of this enzyme was investigated by two independent assay 
methods. Evidence of its presence and high activity was obtained mano- 
metrically (Fig. 1A) and confirmed by the indirect spectrophotometric assay 
(Fig. 1B) using the reduction of TPN by G-6-P dehydrogenase as the test 
system. i 
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Fic. 1. Hexokinase activity as measured by manometric (A) and spectrophotometric 
(B) methods. Vessel contents for experiment A (in 3 ml): bicarbonate buffer, 60 umoles; 
NaF, 60 umoles; MgCl, 10 umoles; glucose, 10 wmoles; ATP (added last at zero time), 
3 umoles; extract, 1 ml (containing 50.8 mg protein). Gas phase: 95% Nz + 5% COs:. 
Cuvette contents for experiment B (in 3 ml): tris buffer (pH 7.7), 100 umoles; MgCl, 
10 umoles; glucose, 10 umoles; ATP, 10 umoles; TPN (added last at zero time), 0.4 umole; 
extract, 0.05 ml (containing 2.6 mg protein). 


’ 
DPNH and TPNH Oxidase and Pyridine Nucleotide Transhydrogenase 

In order to interpret correctly the results of nucleotide specificity data of the 
relevant dehydrogenase systems, it is always necessary to obtain information 
on the presence or absence and on the relative activities of DPNH oxidase, 
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TPNH oxidase, and pyridine nucleotide transhydrogenase in bacterial extracts. 
Evidence for the presence of a highly active DPNH oxidase system and of a 
TPNH oxidase of low activity in extracts of A. tumefaciens is given in Fig..2. 
As has been pointed out by Hochster and Katznelson (20), it is possible to test 
for the presence of pyridine nucleotide transhydrogenase under these conditions 
by the addition of DPN to the system oxidizing TPNH at a slow rate. The 
result of such a test is also included in Fig. 2. If a transhydrogenase were 
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Fic. 2. The activities of DPNH and of TPNH oxidases and an attempt to demonstrate 
pyridine nucleotide transhydrogenase. Cuvette contents (in 3 ml): glycylglycine buffer 
(pH 7.8), 100 umoles; MgCle, 10 umoles; extract, 0.1 ml (containing 4 mg protein); DPNH 
or TPNH (added last at zero time), 0.4 wmole; DPN (added at the time indicated by 
arrow), 0.4 umole. 


present it would catalyze the formation of DPNH + TPN from the TPNH + 
DPN supplied. The DPNH so formed would then be immediately reoxidized 
by the highly active DPNH oxidase with a resulting sharp decrease in optical 
density. As can be seen from Fig. 2, the addition of DPN did not alter the rate 
of TPNH oxidation. Thus, pyridine nucleotide transhydrogenase does not 
appear to be present in extracts of this organism. 


Hexose Phosphate Dehydrogenases 

Evidence for the presence and cofactor specificity of G-6-P and 6-PG 
dehydrogenases in extracts of A. tumefaciens is given in Fig. 3 (Parts A and B). 
It is clear that both TPN- and DPN-linked G-6-P dehydrogenases were present 
(Fig. 3A). A high concentration of cyanide (as a DPNH oxidase inhibitor) was 
necessary to demonstrate the ability of DPN to act as a cofactor. This is in 
keeping with the evidence of the presence of a highly active DPNH oxidase 
(Fig. 2), which must first be inhibited before net DPN reduction can be demon- 
strated spectrophotometrically. 6-PG dehydrogenase, on the other hand, was 
found to be TPN specific, as DPNH formation could not be detected either in 
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Fic. 3. Spectrophotometric determinations of G-6-P (A), 6-PG (B), and GAP (C) 
dehydrogenases and their cofactor specificities. Cuvette contents for experiments A and B 
(in 3 ml): glycylglycine buffer (pH 7.8), 100 umoles; MgCl, 10 umoles; sodium cyanide 
(where added), 150 umoles; substrates, 30 umoles; DPN or TPN (added last, at zero time), 
0.3 umole; extract, 0.05 ml (containing 2.4 mg protein) in A, 0.2 ml (containing 8 mg 
protein) in B. Cuvette contents for experiment C (in 3 ml): sodium pyrophosphate buffer 
(pH 8.5), 50 umoles; cysteine, 40 umoles; sodium arsenate, 40 umoles; [OA (where added), 
20 wmoles; DPN or TPN (added last, at zero time), 0.3 umole; GAP, 1 umole; extract, 
0.05 ml (containing 2.4 mg protein). 


the presence or in the absence of NaCN (Fig. 3B). It should also be emphasized 
that the reaction rate of the 6-PG dehydrogenase shown in Fig. 3B was obtained 
with 3.5 times the quantity of extract that was used in the G-6-P dehydrogenase 
assay (Fig. 3A). This leads to the conclusion that 6-PG dehydrogenase was 
present in these extracts in much lower concentrations than the G-6-P dehydro- 
genase. From the initial rate of pyridine nucleotide reduction in the first 
45 seconds of reaction it was calculated that the probable ratio of G-6-P 
dehydrogenase:6-PG dehydrogenase was of the order of 8:1. 


The Pentose Cycle 

If the pentose cycle operates in extracts of A. tumefaciens it should be possible 
to demonstrate experimentally (a) that heptulose phosphate is obtained from 
6-PG and certainly from R-5-P, (6) that heptulose phosphate thus produced 
will readily disappear again, and (c) that hexose and triose phosphates are, 
ultimately, formed in this system. 

Extracts were incubated with 6-PG + TPN and with R-5-P, followed by 
isolation, identification, and quantitative estimation of the resultant heptulose 
phosphate. The results show (Fig. 4) that sedoheptulose phosphate (measured 
colorimetrically as free sedoheptulose but identified chromatographically as 
sedoheptulose-7-phosphate (21)) was formed readily when R-5-P was the sub- 
strate. Maximum sedoheptulose formation occurred probably before 2 minutes 
of reaction time had elapsed, followed by rapid disappearance immediately 
thereafter. The presence of an active transketolase is, thus, indicated, as is 
transaldolase, judged by the rapid utilization of heptulose phosphate. 
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Fic. 4. Heptulose formation and disappearance during aerobic incubation of R-5-P 
and 6-PG with A. tumefaciens extracts. Components of initial reaction mixture (in 10 ml): 
glycylglycine buffer (pH 7.8), 250 wmoles; MgCl, 50 umoles; DPN or TPN, 100 umoles; 
R-5-P or 6-PG, 100 umoles; NaF (where used), 500 uwmoles; extract, 3 ml (containing 
- + ca Chromatography, elution, and analysis as described under Materials and 
Met Ss. 


When 6-PG was used as the substrate, in the presence of added TPN, the 
maximum quantity of heptulose produced (after 4 minutes) was only 40% of the 
amount obtained in the R-5-P experiment. When NaF (22) was also added 
(in order to eliminate the possible competition by the Entner—-Doudoroff path- 
way for the available 6-PG) the maximum conversion to heptulose phosphate 
was 63% as compared to the yield from R-5-P. Furthermore, the peak was 
reached later than that observed when the experiment was carried out with 
R-5-P as substrate (Fig. 4). The results suggest that by inhibiting the Entner- 
Doudoroff reaction sequence more 6-PG was available for metabolism via the 
pentose cycle, a fact which reflects a competition of the two pathways for 
6-PG. It is quite conceivable that the low concentration of 6-PG dehydrogenase 
(see Fig. 3B) seriously limits the rate at which the product of 6-PG dehydro- 
genation and decarboxylation can enter the pentose cycle. The results pre- 
sented above support this contention. 

From the data in Fig. 4 (R-5-P vs. R-5-P + DPN) it is apparent that some- 
what more heptulose phosphate was obtained in the presence of added DPN. 
That this effect, though small, may have real significance is borne out by the 
results given below. When the extract was diluted 10-fold and the experiment 
repeated with the same concentration of substrate and cofactor, it was noted 
(Fig. 5) that (a) the rate of heptulose phosphate formation was greatly slowed 
down, (b) that the heptulose phosphate was slowly metabolized when no extra 
DPN was added, and (c) that addition of DPN prevented utilization of 
heptulose altogether. In this case, stoichiometric conversion from R-5-P to 
heptulose phosphate had occurred. In an effort to delineate further the possible 
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Fic. 5. Heptulose formation and disappearance during aerobic incubation of R-5-P 
with low concentrations of extract. Components of initial reaction mixture (in 10 ml): 
glycylglycine buffer (pH 7.8), 250 umoles; MgCle, 50 umoles; R-5-P, 100 umoles; DPN 
(where added), 100 umoles; extract, 0.3 ml (containing 12 mg protein). Chromatography, 
elution, and analysis as described under Materials and Methods. 


role of DPN in this system, extracts were dialyzed and charcoal-treated and 
then used as indicated in Table I, It is quite apparent that the rate of heptulose 


TABLE I 


Formation of heptulose phosphate and its subsequent disappearance 
as a function of available DPN 














Sedoheptulose found Net disappearance 
(umoles) of sedoheptulose 
in the last 60 minutes 
Conditions At 30 minutes At 90 minutes (umoles) 
Dialyzed extract + DPN 42.9 42.4 0.5 
Dialyzed extract 36.2 24.3 11.9 
Charcoal-treated extract 41.9 20.5 21.4 
Dialyzed extract + DPN + IOA 40.5 27.6 12.9 





Note: Components of initial reaction mixture (in 10 ml): glycylglycine buffer (pH 7.8), 250 wmoles; MgCl:, 
50 uwmoles; R-5-P, 100 wmoles; DPN (where added), 100 wmoles; IOA (where added), 133 ywmoles; dialyzed or 
charcoal-treated extract (see Materials and Methods), 0.3 ml (containing 13 mg protein). Chromatography, 
elution, and analysis as described under Materials and Methods. 


phosphate utilization increases (after maximum formation at 30 minutes) with 
decreasing DPN content of the system. When iodoacetate was added along 
with DPN and dialyzed extract, heptulose phosphate disappearance was again 
stimulated. These results are of considerable interest from the point of view 
of the regulation of carbohydrate metabolism in extracts of A. tumefaciens. 
They suggest that a competition probably’exists between transaldolase and 
GAP-dehydrogenase for available GAP. 

To satisfy the last requirement for the demonstration of an operating pentose 
cycle, the question of hexose phosphate formation from R-5-P was examined 
next. Charcoal-treated extracts were incubated with R-5-P and at the ap- 
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propriate time, aliquots were taken, deproteinized with TCA, and the clear 
supernatant solutions were analyzed by the CyRI procedure of Dische et al. 
(14) as modified by Axelrod et al. (15). The results are given in Fig. 6. While 
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Fic. 6. Heptulose formation and disappearance and hexose formation during aerobic 
incubation of R-5-P with an extract of A. tumefaciens. Components of initial reaction mix- 
ture (in 10 ml): glycylglycine buffer (pH 7.8), 250 umoles; MgCl, 50 umoles; R-5-P, 100 
umoles; charcoal-treated extract (see Materials and Methods), 0.3 ml (containing 12 mg 
protein). Samples taken, 1 ml; protein precipitation with 0.5 ml 20% TCA; supernatant 
solutions used for the color test, 0.05 ml. 


this test measures the presence of hexose and of heptulose simultaneously in 
the form of the free sugars, the hexose component formed in this system was 
identified independently as a mixture of the acid-stable equilibrium pair 
F-6-P/G-6-P by previously described techniques (23). The formation of hexose 
phosphate by. the operation of the pentose cycle was further confirmed as 
follows: R-5-P (10 zmoles) was incubated with the enzyme preparation (2.4 mg 
protein) in the presence of 10 “moles MgCl, and 100 wmoles glycylglycine 
buffer (pH 7.8) in a Beckman cuvette for 10 minutes at room temperature. 
TPN (0.3 umole) was then added and the net result was a rapid and complete 
reduction of the cofactor to TPNH. In view of the high activity in extracts of 
A. tumefaciens of phosphohexoseisomerase (see below) and of G-6-P dehydro- 
genase (Fig. 3A) this represents, in fact, an assay of the presence of F-6-P as 
a product of the pentose cycle. 


The Entner-Doudoroff 6-PG-splitting Pathway 

The conversion of 6-PG to 2-keto-3-deoxy-6-phosphogluconic acid and its 
subsequent cleavage to GAP and pyruvate were first described by Entner and 
Doudoroff (24) and worked out in detail by Kovachevich and Wood (22). This 
system has been found so far only in microorganisms. Phytopathogenic 
bacteria are particularly good sources of this enzyme system (3, 25). The data 
in Fig. 7 show the time course of pyruvate formation from 6-PG in extracts of 
A. tumefaciens. The rapid initial pyruvate formation is reminiscent of previous 
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work in this laboratory (20) with extracts of Xanthomonas phaseoli. Terminal 
oxidation of pyruvate formed under these conditions is somewhat slower than 
its rate of formation and appears to go via the tricarboxylic acid cycle (see 
Table VIII). The complete inhibition of the Entner-Doudoroff pathway by 
high NaF concentrations (see Fig. 7) is in accord with the original observation 
(22). 
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Fic. 7. Formation and disappearance of pyruvate during incubation of 6-PG with an 
extract of A. tumefaciens. Components of initial reaction mixture (in 10 ml): glycylglycine 
buffer (pH 7.8), 250 umoles; MgCh, 50 umoles; 6-PG, 100 umoles; NaF (where used), 
500 umoles; extract, 3 ml (containing 120 mg protein). 


Classical Glycolysis 

(a) Phosphohexoseisomerase 

Two assay procedures were applied in order to demonstrate the presence of 
phosphohexoseisomerase. The first consisted of incubation of the extract (1 ml) 
with G-6-P (25 zmoles) and tris buffer, pH 7.8 (100 uzmoles), in a total volume 
of 6 ml followed by analysis of deproteinized aliquots for the presence of F-6-P 
using the colorimetric method of Roe ef al. (16). Equilibrium conditions were 
obtained very quickly (in 5 minutes). At this point, 7.5 wmoles F-6-P was 
found to be present. This corresponds well with the stated equilibrium of 
70:30 in favor of G-6-P (26) for this enzyme. The second method was based on 
the knowledge that G-6-P dehydrogenase was present in extracts of A. tume- 
faciens and displayed high activity (see Fig. 3A). Given an active phospho- 
hexoseisomerase, F-6-P should be converted to G-6-P, which should then act as 
the substrate for TPN reduction in the spectrophotometric assay of G-6-P 
dehydrogenase. The test system contained 40 pwmoles glycylglycine buffer 
(pH 7.5), 10 zmoles MgCl, 1.0 zmole F-6-P, 0.1 ml of diluted extract (1.0 mg 
protein), and 0.5 umole TPN which was added at zero time. The blank was 
the same except that F-6-P was omitted. Even at this low concentration of 
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extract a ready conversion to TPNH was observed (82.5% reduction in 
7 minutes). With 2.5-3.5 mg protein the reaction was complete in about 
2 minutes at approximately 90% of theory. The existence of a highly active 
phosphohexoseisomerase appears, therefore, to be well established. 

(b) Phosphofructokinase and Aldolase 

The results of the manometric determination of phosphofructokinase activity 
are given in Table II. Under these experimental conditions this enzyme showed 
little activity as only approximately 8% of the total theoretical CO, evolution 


TABLE II 


Manometric determination of phosphofructokinase activity 
in A. tumefaciens extracts 








Theoretical Observed net total 





Concn. Phosphate Concn. CO, evolution CO, evolution % of 

Substrate (umoles) donor (umoles) (ul) (ul) theory 
F-6-P 10.0 ATP 10.0 225.0 19.0 8.48 
F-6-P 10.0 ATP 5.0 112.5 8.5 7.59 





Note: Additional components (in 3 ml): bicarbonate buffer, 60 wmoles; MgCle, 10 uwmoles; NaF, 60 wmoles; 
extract, 1 ml (containing 34.5 mg protein). Gas phase: 95% Nz + 5% CO: 


was obtained. Since this is a rate-limiting phosphorylation in terms of sub- 
sequent metabolism via the glycolytic route, this low activity presents a serious 
“‘bottleneck’’ to the entry of F-6-P into glycolysis in the generally accepted 
sense. In these same terms, aldolase is also of considerable importance in the 
generation of the triose moiety. Aldolase activity is usually determined by 
means of the chromogen produced (13) by the dihydroxyacetone phosphate 
(a component of the triose equilibrium mixture) resulting from the splitting of 
FDP by aldolase. Thus, the chromogen technique is not only useful for a direct 
measurement of aldolase activity but is equally applicable to measure that 
portion of the F-6-P which has been phosphorylated by phosphofructokinase 
and which has followed the same route. Table III gives the results of incubation 
experiments in which F-6-P as well as FDP were used as substrates. Little 
chromogen was produced from F-6-P (3.5% of theory), thus confirming the 


TABLE III 


Colorimetric determination of aldolase and 
phosphofructokinase activities 











Substrate Yield, as dihy- 
concentration droxyacetone* 
Substrate (umoles) (umoles) 
FDP 10.0 5.10 
F-6-P 10.0 0.70 





Note: Components of initial reaction mixture (in 5 ml): tris buffer (pH 8.6), 
100 uwmoles; MgCle, 30 wmoles; neutral hydrazine sulphate, 140 wmoles; ATP, 
10 uwmoles; substrates, as shown; extract, 0.5 ml (containing 26 mg protein). 

*Chromogen technique of Sibley and Lehni (13) applied after 60 minutes 
of reaction. These values have been corrected for the color contribution of the 
blank and for the small amount of chromogen produced by a boiled extract. 
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results of the manometric experiment discussed above. It should be noted also 
that aldolase activity (measured after incubation of extract with FDP) was 
relatively poor (25.5% of theory). Calculations of theoretical conversion of 
hexose phosphates to chromogen are based on a total equilibrium shift to 
dihydroxyacetone phosphate in the presence of hydrazine. Aldolase activity, 
although higher than that of phosphofructokinase, must be regarded as 
sufficiently low to provide additional hindrance to the functioning of normal 
glycolysis. 


(c) Fructose Diphosphatase (C-1) 

Active FDP diphosphatases have been described for a number of different 
tissues. Thus, the enzyme from liver (27, 28) has a pH optimum at 9.5, that 
from Acetobacter suboxydans (29) at pH 9.0; spinach has been reported to have 
three such enzymes with optimum activities at pH 8.5 (30), 7.0 (30), and 
5.0—6.0 (31); the pea leaf enzyme acts best at pH 8.5 (32); and the X. phaseoli 
phosphatase cleaves FDP at both pH 7.8 and at pH 9.0 (20) although the 
question of the possible existence of two separate enzymes has not been resolved 
in this case. The existence and high activity of this enzyme coupled with a very 
low phosphofructokinase activity, together with other thermodynamic consider- 
ations, have been used previously (20) to support the contention that a “‘hexose 
cycle” exists in X. phaseoli, which is responsible for G-6-P resynthesis from 
GAP. 

It has been shown in the present paper that extracts of A. tumefaciens 
similarly contain a very weak phosphofructokinase and a highly active 6-PG- 
splitting system, conditions which were previously found to accompany the 
postulated ‘‘hexose cycle” (20). Extracts of this organism have now been 
found to contain highly active FDP diphosphatases. The results show (Fig. 8) 
that the quantity of inorganic phosphate released in the presence of the enzyme 


























THEORETICAL 

Ww ~ 60 -} 
Pan) pH 9.0 of 
zw 
az 50 « 4 
eh pH 9.0 
aowW 40 = 4 
ux 
z39 30 4 4 
58 A : 
oa ~ 20 - 4 / 
=5 F 
ce pH 7.8 
= ee 

0 a T T rT , o- 7 - 2 

0 15 30 45 0 15 30 45 


TIME, MINUTES 


Fic. 8. FDP diphosphatase activity in extracts of A. tumefaciens. (A) Extract pre- 
pared immediately prior to use. (B) Extract left to stand overnight at 0°-3° C prior to use. 
Components of initial reaction mixture (in 9 ml): glycylglycine buffer (pH 7.8) or tris buffer 
(pH 9.0), 300 umoles; MgClo, 50 umoles; FDP, 60 umoles; extract, 2 ml (containing 90 mg 
protein). Blanks of FDP and of extract alone have been subtracted. 
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preparation corresponds to the amount expected if one phosphate group is 
cleaved. The rate of this reaction was found to be the same (Fig. 8A) at pH 7.8 
and at pH 9.0. Curiously, however, when the enzyme preparation was allowed 
to stand overnight at 0°-3° C, and then used for such experiments, the activity 
at pH 9.0 remained essentially unchanged while that at pH 7.8 was found to be 
severely depressed. This suggests, though it cannot of itself be regarded as 
final proof, that two separate enzymes may be involved in this system. In 
control experiments it was demonstrated that F-6-P was not cleaved at all 
under the same conditions. 

To check the significance of the FDP diphosphatase in FDP metabolism 
further and with the knowledge that GAP dehydrogenase is DPN specific and 
IOA sensitive (see section (d) and Fig. 3C) while G-6-P dehydrogenase will 
function with TPN (Fig. 3A) experiments were conducted with FDP as sub- 
strate and either DPN or TPN as cofactors and their resultant reduced forms 
measured at 340 my in the spectrophotometer. The results (Table IV) show 


TABLE IV 
Pyridine nucleotide reduction with FDP as substrate 











Additions Net optical density at 340 my 
After 2 minutes’ reaction 
TPN 0.228 
TPN + IOA 0.199 
After 5 minutes’ reaction 
DPN ’ 
DPN +I0OA 0.002 





Note: Cuvette components (in 3 ml): sodium pyrophosphate buffer (pH 8.5), 
50 umoles; cysteine, 40 zmoles; sodium arsenate, 40 wmoles; IOA (where added), 
40 umoles; FDP, 10 umoles; extract, 0.05 ml (containing 2.25 mg protein); 
DPN or TPN, 0.3 umole. (Seven minutes’ incubation time was allowed prior 
to nucleotide addition. Times designated in the table refer only to the reaction 
which took place following the addition of nucleotide.) 


that TPN reduction occurred in an essentially IOA insensitive system while 
addition of IOA completely inhibited the reduction of DPN. The requirement 
for a longer incubation period for measurable DPN reduction is considered to 
reflect the relatively low activity of aldolase (Table III). Thus FDP can be 
metabolized in either direction (i.e. via F-6-P to G-6-P or via GAP), depending 
on the availability of a particular cofactor. Therefore, the FDP diphosphatase 
plays a truly significant role in the TPN-activated system. 


(d) Triose Phosphate Metabolism 

Evidence for the presence, nucleotide specificity, and IOA sensitivity of 
GAP dehydrogenase is presented in Fig. 3C. It will be noted that under the 
conditions of this assay no difficulty was encountered in demonstrating DPN 
reduction, while in other systems (Fig. 3A) high concentrations of cyanide were 
necessary in order to inhibit the highly active DPNH oxidase (Fig. 2). It has 
been reported previously that the pyrophosphate—cysteine—arsenate system 
employed in the GAP dehydrogenase assay actually inhibits the DPNH oxidase 
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in extracts of X. phaseoli (20). Experiments were, therefore, carried out to 
ascertain whether the same holds true for A. tumefaciens. The results (Table V) 


TABLE V 
DPNH oxidase activity measured in different buffer systems 








Optical density at 340 myz 








Buffer After 20 seconds’ Net % 

system Initial reaction decrease activity 
A 0.378 0.155 0.223 100.0* 
B 0.378 0.332 0.046 20.5 





Norte: Cuvette components (in 3 ml). 

Buffer system A: glycylglycine buffer (pH 7.8), 100 wmoles; MgCle, 10 wmoles; whole extract, 0.05 ml 
(containing 2.3 mg protein); DPNH, 0.25 umole (added last at zero time). 

Buffer system B: sodium pyrophosphate buffer (pH 8.5), 50 uwmoles; cysteine, 40 wmoles; sodium 
arsenate, cama whole exctract, 0.05 ml (containing 2.3 mg protein); DPNH, 0.25 wmole (added last 
at zero time). 


*Arbitrarily assigned. 


show that DPNH oxidation is, indeed, inhibited 79.5% when determined in the 
pyrophosphate—cysteine—arsenate system (B) as compared with glycylglycine 
(A). Thus, measurement of DPN reduction in the GAP dehydrogenase assay 
becomes possible when system B is used (Fig. 3C). At the same time the yield 
of only 78% of theoretical DPNH obtained in the GAP dehydrogenase assay is 
explained. ' 

The problem of pyruvate formation from 3’-PGA was next examined. When 
the extract was incubated with 3’-PGA and supplemented with 2’,3’-DPGA, 
ADP, and Mg** only traces of pyruvate could be detected in the reaction 
mixtures at various sampling times up to 1 hour. It was considered possible 
that pyruvate is formed very slowly from 3’-PGA and that it may be oxidized 
at a similar rate. Experiments were, therefore, carried out without the addition 
of ADP in order to encourage accumulation of PEP as an intermediate. The 
latter was then measured as free pyruvate after acid hydrolysis. As Table VI 
shows the sum of pyruvate plus PEP obtained after 40 minutes of reaction 
corresponded to only 20% of the 3’-PGA added. It should be mentioned here 


TABLE VI 


Conversion of 3-phosphoglyceric acid to 
phosphoenol pyruvate and pyruvate 








Net total pyruvate found 
after 40-minute reaction 








(umoles) 
Additions Before hydrolysis After hydrolysis 
3’-PGA $.5 20.0 
3’-PGA + ADP 2:5 ¢ 2.0 





Note: Components of initial reaction mixture (in 10 ml): glycyl- 
glycine buffer (pH 7.8), 200 wmoles; MgCle, 50 umoles; 2’,3’-DPGA, 
5 uwmoles; 3’-PGA, 100 umoles; ADP (where used), 100 wmoles; whole 
extract, 1 ml (containing 47.0 mg protein). Hydrolysis consisted of 
treating an aliquot of the supernatant solutions in 1 N HCI at 100° C 
for 60 minutes. 
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that approximately 80% of the 3’-PGA supplied was again recovered unchanged 
in these experiments after chromatography (ethyl acetate:acetic acid:water, 
3:3:1), elution, and analysis. PGA was determined as resistant phosphorus 
after 3 hours of hydrolysis in 1 N HCI at 100° C according to LePage (33). 
Subsequent experiments were concerned with the demonstration of pyruvic 
kinase activity in extracts of A. tumefaciens. The results, presented in Table 
VII, show that this enzyme was very active as pyruvate was formed from PEP 
in the presence of ADP and Mg?*-, in the first few minutes. Upon further 
incubation, pyruvate disappeared quickly. 


TABLE VII 


Formation of pyruvate from phosphoenol pyruvate 
in the presence of ADP 








Incubation time 5 10 20 
(minutes) 

Net total pyruvate found 9.2 6.8 Lz 
(umoles) 





Note: Components of initial reaction mixture (in 12.0 ml): glycylglycine 
buffer (pH 7.8), 200 umoles; MgCle, 50 umoles; PEP (added last at zero time), 
30 wmoles; ADP, 30 uwmoles; whole extract, 2.6 ml (containing 120 mg 
protein). 


Aerobic Oxidation of Some Key Substrates 

Oxygen uptake values obtained when a number of key substrates were 
oxidized by an extract of A. tumefaciens are given in Table VIII. The hexose 
phosphates used were oxidized at similar rates with the exception of 6-PG. 











TABLE VIII 
Aerobic oxidation of substrates by extracts of A. tumefaciens 
Net O2 uptake Net O: uptake 

; at 60 minutes at 60 minutes 
Substrates (5 umoles) (ul) Substrates (5 umoles) (ul) 
G-6-P 176 Acetate 0 
F-6-P 127 Citrate 156 
FDP 181 a-Ketoglutarate 75 
6-PG 82 Succinate 41 
R-5-P 128 Malate 87 
Pyruvate 67 











Note: Components (in 3 ml): phosphate buffer (pH 7.2), 100 umoles; MgCle, 20 wmoles; ATP, 10 wmoles; ADP, 
2 umoles; DPN, 3 uwmoles; CoA, 1 umole; ThPP, 4 umoles; lipoic acid, 4 wmoles; whole extract, 0.5 ml (containing 
22.5 mg protein). 
(For further consideration of this apparent anomaly, see Discussion.) Inter- 
mediates of the tricarboxylic acid cycle were oxidized, suggesting that this 
cycle is available for oxidative purposes. The cells used in this experiment for 
the preparation of the extract were grown in glucose and, under these condi- 
tions, oxidation of acetate could not be demonstrated. 


Inhibitors of G-6-P Dehydrogenase and of Phosphohexoseisomerase 
Glaser and Brown (34) reported that p-glucosamine-6-phosphate competi- 
tively inhibited G-6-P dehydrogenase purified extensively from an autolysate 
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of dried brewers’ yeast. When an extract of A. tumefaciens was used in the 
present study, GM-6-P produced a 35% inhibition of this dehydrogenase when 
used in an inhibitor:substrate ratio of 10. Presumably, a more pronounced 
inhibitory effect might be obtained if the enzyme were first purified extensively. 

Following previous demonstrations of the inhibitory effect of 2-deoxy-p- 
glucose-6-phosphate on phosphohexoseisomerase (35, 36) it was shown with 
extracts of A. tumefaciens that when the activity of the isomerase was measured 
in the direction of ketose (16) formation from G-6-P, complete inhibition was 
obtained at a 2-DG-6-P:G-6-P ratio of 10. When the system was measured in 
reverse, i.e. TPNH formation with F-6-P as substrate, strong inhibitions were 
again obtained at the same inhibitor:substrate ratio. In the latter case some, 
as yet unexplained, variation was observed, as inhibitions from 50-94% were 
recorded in a series of experiments with different extracts. G-6-P dehydro- 
genase itself remained unaffected by the presence of 2-DG-6-P. 


Discussion 


The results presented emphasize the importance of the Entner—Doudoroff 
6-PG-splitting pathway in the metabolism of phytopathogenic bacteria. 
Pyruvate and GAP are provided by this metabolic system with great speed and 
in high concentration, in effect, bypassing glycolysis and to some extent also 
the pentose cycle. , 

The three ‘‘bottlenecks’”” which have been described in considerations of 
glycolysis make it almost certain that classical glycolysis does not take place 
under conditions of these experiments. Whereas several phytopathogens seem 
to lack adequate amounts of phosphofructokinase (3, 20) extracts of A. 
tumefaciens exhibit, in addition, poor aldolase activity and a system which 
converts 3’-PGA to pyruvate very slowly even under the most favorable 
conditions that we were able to work out. 

Data have also been presented which are of considerable interest if examined 
from the point of view of intracellular, regulatory mechanisms of metabolism. 
Considerable emphasis has been placed in recent years on metabolic self- 
regulation but few such cases have been described in the carbohydrate field. 
The present study provides several additional examples which may be useful in 
interpreting the results of metabolic studies not only in A. tumefaciens but also 
in other tissues if and when the necessary information becomes available. 

A competition appears to exist between the system which splits 6-PG to 
pyruvate and GAP and the pentose cycle for the available 6-PG. In A. tume- 
faciens this issue seems to resolve itself because of the relatively low activity of 
6-PG dehydrogenase, thus favoring a switch to the splitting system. It is quite 
conceivable, however, that at certain stages in the development of the organism 
(e.g. in the earliest phases of growth) the penfose cycle may predominate for a 
time while the need for diversified metabolic intermediates is more acute than it 
is later when the cells have achieved full maturity. The ability of transaldolase 
to compete with GAP dehydrogenase for GAP. produced by transketolase action 
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is another case in point. Even though it was possible to demonstrate such an 
effect only upon dilution of all the enzymes in the extract, one wonders whether 
or not competitions of this type do not normally play a role in the fully function- 
ing intact cell where a more delicate balance between intermediates exists as 
against the experimental situation where substrates are usually added in 
considerable excess. 

It was noted (Table VIII) that the net oxidation of 6-PG was lower than that 
of the other hexose phosphates tested. An explanation of this result becomes 
possible when it is realized that 6-PG has been shown by others to act as a 
strong inhibitor of phosphohexoseisomerase (37, 38, 39). Thus, for every mole- 
cule of 6-PG split, only pyruvate is readily oxidized while resynthesis of GAP 
to hexose phosphate via the hexose cycle (20) is no longer possible in view of the 
above inhibition. Also, if it is considered that the pentose cycle accounts for 
some of the oxidation of 6-PG, F-6-P, which is formed as a product of the pen- 
tose cycle, cannot re-enter the hexose monophosphate oxidation system because 
its conversion to G-6-P is again blocked by 6-PG. In order to prove this point 
in the A. tumefaciens system, purified phosphohexoseisomerase would have to 
be available which is uncontaminated by the enzymes of the Entner—-Doudoroff 
splitting system. So far, we have not succeeded in achieving this separation. 
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AN IMPROVED TWO-DIMENSIONAL SCANNER 
FOR RADIOCHROMATOGRAMS! 


HAROLD J. PERKINS AND C. TYRRELL 


Abstract 


An improved scanner for two-dimensional radiochromatograms has been 
designed. This scanner prints permanent facsimiles on electrosensitive paper in 
considerably less time than is required for conventional X-ray film autoradio- 
graphy. The practical limit of detection is of the order of 35 c.p.m. above back- 
ground for C" although compact spots assaying as low as 20 c.p.m. can be readily 
detected visually on the facsimile. 


Introduction 


The location of the radioactive areas on paper radiochromatograms by con- 
ventional X-ray film autoradiography, while satisfactory for relatively high 
levels of radioactivity (ca. 3X10‘ disintegrations per minute per square 
centimeter), is time-consuming when lower levels of activity are present in 
the paper. In the latter case, exposure times of several weeks frequently are 
required. Attempts to shorten these times have resulted in the development of 
a number of automatic scanning devices, several of which are commercially 
available and at least one of which is reported to yield quantitative results (1). 
Most of these instruments scan only narrow strips of paper and so are restricted 
in general utility to the assay of radioactivity on one-dimensional chromato- 
grams. 

The first scanner specifically designed to handle two-dimensional radio- 
chromatograms was reported by Wingo (2). Since that time, details of two- 
dimensional scanners have been published by Aronoff (3) and by Chain et al. (4) 
and one instrument has become available commercially (5). In the scanner 
designed by Aronoff, a threaded shaft drove a Geiger—Miiller detector horizon- 
tally across the chromatogram, which was fastened to a metal drum. The same 
worm drove an electrically energized stylus over an electrosensitive paper 
wrapped around the opposite end of the drum. Such an arrangement produced 
permanent two-dimensional facsimiles of the radiochromatogram, the radio- 
active spots appearing on the grey electrosensitive paper as groups of closely 
spaced black dots. The limit of detection of this scanner was of the order of 
100 c.p.m. of C' (measured off the paper by a thin end-window Geiger—Miiller 
detector). Facsimiles were produced in this manner in a fraction of the time 
required for autoradiography on X-ray film. 

The apparatus designed by Chain et al. (4), although elegant, was highly 
complex and expensive to construct. It produced facsimiles which could be 
readily evaluated quantitatively and recorded the data in any one of three 

1Manuscript received September 2, 1960. 


Contribution from Canada Department of Agriculture, Research Station, Lethbridge, 
Alberta, Canada. 
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different ways. The commercial two-dimensional scanner (5), which became 
available some months after the initiation of the work described in the present 
paper, produced facsimiles on Thermofax paper. 

This paper describes a two-dimensional scanner operating on the same 
general principles as that of Aronoff (3) but improved in design. 


Materials and Methods 
Construction 
The scanner and its associated cabinetry are shown in Fig. 1a. A closer view 
of the instrument itself is presented in Fig. 10. 





Fic. 1. Mechanical details of the two-dimensional scanner: (a) the entire instrument, 
(5) the scanning assembly. 


To drive the scanner, a constant speed motor accurately geared down to the 
three or four desired operating speeds and yet generating at least 10 Ib-in. 
of torque at these speeds was required. The drive (Gorrell and Gorrell, 
Haworth, New Jersey, ‘““Monodrum’’) finally selected met these specifications 
and, although it actually possessed a wider range of speeds than are used by this 
instrument, it was not expensive. It consists of a 40-watt synchronous motor 
coupled to a gear train in such a manner that at any one of the many output 
speeds available, all gears are continuously engaged, thus ensuring accurate 
timing of the shaft rotation. The requirement that the drums rotate at constant 
angular velocities was met more economically by a chain drive than by direct 
gear drive from the output shaft of the motor. 

Since the hard-drawn tungsten wire recommended by Aronoff (3) for the 
stylus proved, in the present instrument, to give marks which varied consider- 
ably in intensity, nichrome wire (No. 20 gauge) was selected for this purpose. 
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The wear on the nichrome stylus is compensated for by giving the tip a slightly 
rounded, screw driver shape, undercut to the rear, with an ignition point file. 
The tip is touched up lightly with the file after each run. Only a very light 
riding pressure is necessary under these conditions. 

With the exception of the preamplifier and the detector (both mounted on 
the traversing arm), the electronic equipment is mounted inside the cabinet. 
The electronic circuitry, shown in Fig. 2, has been adapted from that developed 
in Aronoff’s laboratory by Mr. Rhinehart (3, 6). The detector is connected toa 
conventional one-tube preamplifier by a very short coaxial cable to obviate the 
loss of detector sensitivity which results from the use of long cables. The 
detector found most useful with this instrument is the Model 222 halogen- 
quenched, thin (1.4 mg/cm*) mica end-window Geiger—Miiller tube of Anton 
Electronic Laboratories, Inc. (1226 Flushing Avenue, Brooklyn 37, N.Y.). 
This non-photosensitive tube, because of its rather small sensitive volume, gives 
a background of only 3 to 4 c.p.m. under our conditions. 

The negative signal from the preamplifier tube, V;, is fed to a conventional 
scaler amplifier circuit, V2, Vs, Vs, and emerges as a positive signal of about 
90 volts amplitude which is fed to the firing circuit. Switch S,, and control Ris, 
are sensitivity controls and determine the magnitude of the input signal re- 
quired to produce an output from the amplifier. The firing circuit consists of a 
univibrator, V;, which delivers a square wave to a relay controller, Ve, which in 
turn drives a fast telephone-type mercury relay (Northern Electric, Canada; 
Western Electric, U. S. A.), Ry:. The relay discharges the capacitor, Ca, 
between the stylus and ground (the drum) through the electrosensitive paper. 
The contacts of the relay energize the stylus with approximately 300 volts d-c. 
obtained from the plate power supply. This voltage can be varied by control 
Ree and its magnitude governs the intensity and size of the black spot produced 
on the grey facsimile paper. 

Operation 

In operation, the radiochromatogram, which may be any size up to 21 in. X 
21 in., is fastened tightly around the rear drum with masking tape. The 
chromatogram is marked in the margins with two spots of “hot ink’’ (7), as in 
conventional autoradiography, to facilitate subsequent orientation of the 
facsimile over the chromatogram. A sheet of electrosensitive paper (such as 
“‘Teledeltos’”” Type L-48, made by Western Union Telegraph Company, 
Development and Research Department, 60 Hudson Street, New York 13, 
N. Y., U. S. A.) 21 in. long and of the same width as the chromatogram to be 
scanned is fastened around the front drum. The facsimile paper is fastened to 
the drum with a short piece of masking tape at each outside corner and one 
short piece in the center. The length specified allows an appropriate overlap 
of the paper so that the recording stylus does not contact the bare drum. Short 
(1/8 in. X 1/8 in.) pieces of fine emery cloth are fastened under the overlap 
with masking tape at about 3-in. intervals. These pieces serve periodically to 
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clean the stylus tip of bits of dirt and paper, the accumulation of which other- 
wise causes irregular marking during a long run across a 21-in. chromatogram. 
The scanner operates completely automatically until the chromatogram has 
been traversed; the limit switch (mounted on the frame at the rear of the 
instrument) shuts the instrument down when the run is completed. For such 
automatic operation a chromatogram which is less than 21 in. wide must be 
positioned so that its right-hand edge is in line with the right-hand edge of the 
drum to ensure the opening of the limit switch on completion of the scan. 


Results and Discussion 


The most accurate facsimiles are obtained with any scanning device under 
conditions favoring maximum resolution and sensitivity. These two factors 
are to a certain extent mutually exclusive since increased resolution is obtained 
with small detector window openings and slow scanning speeds while increased 
sensitivity requires large windows but slow scanning. In practice, it has been 
found that exposing the full window area of the Anton Model 222 detector 
provides an optimal balance between resolution and sensitivity. The choice of 
scanning speed depends on the amount of radioactivity initially spotted at the 
origin and on the expected number and sizes of radioactive spots present in the 
paper after development of the chromatogram. The most useful horizontal 
scanning speeds have been found to be 0.542, 0.341, 0.214, and 0.134 in./hour, 
the first speed being used when spots of about 400 c.p.m. are to be reproduced 
and the last speed when spots of less than 100 c.p.m. are involved. These 
speeds correspond to motor output shaft speeds of 0.2661, 0.1663, 0.1039, and 
0.0649 r.p.m. Scanning speeds slower than 0.084 in./hour (0.0406 r.p.m. of 
output shaft) are not practical since the background becomes excessive. 

Figure 3a shows a facsimile produced by scanning a 21 in. X 21 in. dummy 
radiochromatogram (made with glucose-U-C™) at a speed of 0.341 in./hour 
while Fig. 3b shows a conventional autoradiogram (exposed 8 days on Kodak 
No-Screen X-ray film) of the same radiochromatogram. The radioactivity in 
each spot, assayed with a 1.9 mg/cm? mica end-window Geiger—Miiller tube, 
ranged from 32 c.p.m. above background for the weakest spot to 680 c.p.m. 
for the spot producing the highest density on the X-ray film. In general, spots 
in the first vertical row on the left of Fig. 3b contained 100 c.p.m., those in the 
second row, 200 c.p.m., those in the third row, 50 c.p.m., and those in the fourth 
row, 400c.p.m., each. The spot densities on the X-ray film are, of course, consid- 
erably greater than would be obtained under actual operational conditions since 
the dummy radiochromatogram was not developed in any solvents. 

When small chromatograms are used (8 in. X 8 in.), the reproduction of 
compact spots counting about 20 c.p.m. can be accomplished with facility. 
When a larger paper is used, more diffuse spots result, and about 50 c.p.m. are 
required to produce a detectable spot on the facsimile. With isotopes emitting 
beta particles more energetic than those of C"™, of course, the level of detection 
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will be correspondingly lower as a result of the increased efficiency of the 
Geiger—Miiller tube. 

Space limitations in the journal prohibit the publication of full construction 
details and parts lists; however, complete details of construction and operation 
of this instrument are available in mimeographed form and may be obtained by 
writing to the senior author. 
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Fic. 3. Comparison of scanner facsimile (a), with autoradiogram (b), of dummy radio- 
chromatogram. Scanning time, 62 hours; X-ray exposure, 192 hours. 
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CHANGES IN GLUTAMIC ACID - OXALOACETIC ACID - 
TRANSAMINASE ACTIVITY IN THE LIVER AND 
KIDNEYS ON THE EFFECT OF HIGH DOSES 
OF PYRAMIDON (AMINOPYRINE)! 


I. Gy. Fazekas, A. Gy. Fazexas, AND B. RENGEI 


Abstract 


On each of 5 days, rabbits were given subcutaneously 75% of the single lethal 
dose of Pyramidon (aminopyrine), divided into three daily doses. The animals 
were killed on the 6th day and the degree of glutamic acid — oxaloacetic acid — 
transaminase activity of the liver and kidneys was examined. It could be estab- 
lished that activity in the liver increased by 41% and that of the kidneys by 87%. 
These values are correlated with the lesions which were previously noted in these 
organs. The increased seral activity as well as the ratio of activity of the organs of 
the treated and untreated animals is attributed to increased permeability and 
necrosis in hepatic and renal cells. 


It has been established by some investigators (1, 2, 3, 4) that in cases of 
damage to the hepatic cells the transaminase content of the serum is signifi- 
cantly increased. In their previous publication the authors reported that, upon 
the intake of repeated large doses of Pyramidon (aminopyrine) by rabbits, 
the serum glutamic acid — oxaloacetic acid — transaminase (SGOT) activity 
significantly increases. This increase in activity was attributed to hepatic and 
renal damage caused by the repeated intake of Pyramidon. Upon the repeated 
administration of large doses of Pyramidon, hepatic damage, necrotic nephrosis 
of the kidneys, and severe glomerular lesions (9, 10) were observed in two infants 
(6, 7) and in experimental animals (8). In a significant number of the experi- 
mental animals, lethal uremia ensued as the main result of irreversible renal 
damage. These observations induced us to investigate the glutamic acid — 
oxaloacetic acid — transaminase activity of the liver and kidneys following 
repeated intake of large doses of Pyramidon. 


Methods 


Chinchilla rabbits, weighing 1820-2740 g, were used in the experiments, and 
received the following daily diet: 60 g of oats, 60 g of dried clover, water ad 
libitum. The single lethal dose of Pyramidon, according to Kobert (11), is 
0.4 g/kg, given subcutaneously. Twenty-five per cent of the single lethal dose 
(0.1 g/kg) was given three times daily at 5-hour intervals (7 a.m., 12 a.m., and 
5 p.m.) in the form of a 5% water solution, subcutaneously. 

The measurement of the GOT activity of the liver and kidneys was made on 
a 0.1 g/ml homogenate in 100 X dilution prepared from the organs. The Dubach 
method (12) was employed for the measurement of SGOT activity. According 


‘Manuscript received October 19, 1960. 


Contribution from the Institute of Forensic Medicine, Medical University of Szeged, 
Hungary. 


Can. J. Biochem. Physiol. Vol. 39 (1961) 











1190 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


to this method, the enzyme of the experimental material transfers the alpha- 
amino group of the aspartic acid (added as a substrate) to the alpha-keto- 
glutaric acid, and oxalic acid and glutamic acid are formed. In the presence 
of aniline citrate the oxalic acid transforms to pyroracemic acid, which forms 
hydrazone with dinitrophenylhydrazine. This hydrazone, when shaken with 
toluol, changes into a red-colored complex on addition of alcoholic base. The 
color intensity of this complex is in direct proportion to the quantity of pyro- 
racemic acid formed or transaminase activity, respectively. The transaminase 
unit is defined as the 1-hour activity of 1 mg wet or dry material at 25+2° C 
during which 1 wg pyroracemic acid is formed. 


Results and Discussion 


Results of the experiments are shown in the attached table. It can be estab- 
lished (Table I) that, as a result of the administration of 0.1 g/kg Pyramidon 
given subcutaneously three times daily at 5-hour intervals through 5 days, 


TABLE I 


Changes in the GOT activity in the liver and kidneys of rabbits 
due to the daily subcutaneous injection of a dose of 
0.1 g/kg Pyramidon (aminopyrine) through 5 days 








Value of transaminase activity in: 








Liver Kidney 
lmgdry_ 1 mg wet 1mgdry 1 mg wet 
Serial No. material material material material 





Untreated control 


1 658 216 461 98 
2 658 216 367 78 
3 719 236 367 78 
Mean value 678 222 391 84 
Animals treated with Pyramidon 
1 780 256 737 156 
2 847 278 828 176 
3 908 298 640 136 
4 1158 380 640 136 
5 1097 360 828 176 
Mean value 958 314 734 156 





the transaminase activity of the liver increased by 280 units per 1 mg dry 
material and by 92 units per 1 mg wet material, relative to the values of the 
control animals. The mean value of increase in the transaminase activity in 
the kidneys was 343 units in 1 mg dry material and 72 units when based on 
1 mg wet material. When the mean values of-the increased activity are com- 
pared on a percentage basis, the results are seen to be 41% in the liver and 87% 
in the kidneys. These data indicate that, upon the repeated intake of large 
doses of Pyramidon through 5 days, there is increased SGOT activity, resulting 
chiefly from liver and kidney damage. As to which of the two organs is mainly 
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responsible for the increased SGOT activity, no definite opinion can be stated, 
although the increase in activity was 87% in the kidneys compared to 41% in 
the liver. The weight of the two organs and difference in the permeability of 
their cellular walls should be taken into consideration; the latter property is 
mainly responsible for the enzyme activity which may be detected in the 
serum. On the other hand, the fact that the percentage increase in the GOT 
activity of the kidney is higher than that of the liver indicates that the damage 
to the renal cells is considerably more serious than the damage to the kidney. 
These observations are in perfect accord with the microscopical examination 
of these organs (necroses were found in the kidneys, but not in the liver) (10). 
Upon the examination of the GOT activity of the two organs, an increased 
cellular permeability due to the repeated administration of large doses of 
Pyramidon can be demonstrated, as shown from the following data. Asa result 
of Pyramidon treatment (published in the previous communication) SGOT 
activity was shown to be, on the average, from 25 units/ml to 125 units/ml. 
This result was obtained in rabbits with an average weight of 2200 g (the total 
blood volume would be approximately 130 ml/70 ml serum). In untreated 
rabbits the enzyme activity of the total serum is 1750 units and rises to 7000 
units following treatment. When only the two organs under examination (liver 
and kidneys) are considered, the wet weight would average 77 g and 18 g, and 
these would contain normally a total of 18.6 million units. In the case of the 
treated rabbits, this total activity rises to 27 million units. Calculations based 
on these data show that as a result of treatment the increase of activity in these 
organs is of the order of 45%, while that of the serum is 176%. Based on these 
two values this difference may be considered to result from the increased per- 
meability of cellular membranes and necroses in the organs. 
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THE ACTIVATION AND INHIBITION OF TRYPSIN 
BY QUATERNARY AMMONIUM COMPOUNDS! 


BriAN C. W. HUMMEL 


Abstract 


The effect of a variety of quaternary ammonium compounds upon the esterase 
activity of trypsin was investigated. Both activation and inhibition were ob- 
served; some compounds activated at low, but inhibited at higher, concentrations 
(group I), while others activated at high concentration (group II). Tetramethyl-, 
tetraethyl-, and tetra-n-propyl-ammonium bromides fell in group II, whereas 
tetra-n-butylammonium iodide fell in group I (50% inhibition at 0.52 mmolar). 
Dimethonium, pentamethonium, hexamethonium (2.25-fold activation at 
0.08 M), heptamethonium, and decamethonium bromides belonged to group II. 
Activation by decamethonium bromide was greater at pH 7.2 than at pH 8.1 and 
was abolished by increasing the substrate concentration. Trypsin in the presence 
of 0.02 M calcium was activated only 11% by 0.03 M decamethonium bromide. 
An hypothesis offering a possible explanation of these observations is presented. 


Introduction 


Very few studies have been made on the effect of quaternary ammonium salts 
upon the activity of trypsin and the results obtained to date are fragmentary 
and partly inconsistent. Astrup and Alkjaersig (2) observed that 1% cetyl- 
pyridinium chloride and laurylbenzyldimethylammonium chloride activated 
trypsin by 60%, enzyme activity being estimated by a fibrin plate method. 
Both benzethonium chloride and methylbenzethonium chloride were reported 
by Calandra et al. (3) to inhibit trypsin strongly. A more detailed study of 
benzethonium chloride has recently been reported by Beck et al. (4), who 
obtained 50% inhibition of the enzyme (71 ug/ml) with 5X10- M inhibitor 
using a modified Anson assay. 

It has been known for some time that many naturally occurring alkaloids, 
notably eserine, muscarine, and prostigmine, as well as a large number of 
synthetic quaternary ammonium compounds, are powerful inhibitors of the 
cholinesterases (5, 6, 7). More recently Erdés has found that plasma cholin- 
esterase is activated markedly by simple quaternary ammonium compounds, 
particularly tetra-n-propylammonium salts (8). Kalow (9) has studied in 
detail the activating and inhibiting effect of tetramethylammonium salt upon 
pseudocholinesterase at pH 6. The normal enzyme is activated at least 200%, 
while the atypical enzyme is inhibited by this compound at concentrations of 
0.1 to 1.0 M. 

In view of the variety of effects which quaternary ammonium compounds 
have upon esterases, it appeared that a detailed study of the effect of these 


compounds upon the esterase activity of trypsin would be useful. A program 
1Manuscript received November 28, 1960. ‘ 
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was therefore initiated to explore the relationships between the structures of 
these compounds, the influence of substrate and activator (or inhibitor) con- 
centration, and the pH of the medium upon the esterase activity of trypsin. 
It was hoped in this way to shed further light on the mechanism of catalysis by 
this enzyme and permit further comparisons to be made with other esterases 
and proteolytic enzymes. The compounds investigated in this preliminary 
survey are for the most part neuromuscular blocking agents and cationic deter- 
gents with antiseptic properties. 


Materials 


The trypsin preparations used in these experiments were obtained from 
various sources and are designated as follows: 


A Armour Pharmaceutical Corp.,* U.S.A. lot No. 230-147 
C Canada Packers Ltd.* lot No. 311A95 
M, Mann Research Laboratories Inc., U.S.A. lot No. 2541 

Mz Mann Research Laboratories Inc., U.S.A. lot No. B3580 
M; The Wm. S. Merrell Co.,* Canada lot No. 4519 

N_ Novo Industri A/S,* Denmark lot No. 74-5 

W Worthington Biochemical Corp., U.S.A. lot No. 680-681B 


The quaternary ammonium compounds, with the exception of a few which 
were prepared in the laboratory, were obtained from commercial sources as 
follows: 

Tetramethylammonium iodide (Brickman and Co.); tetra-n-propylam- 
monium iodide and tetra-v-butylammonium iodide (Eastman Kodak); 
tetraethylammonium chloride (Parke, Davis and Co.*); succinylcholine 
chloride (Abbott Laboratories*); chlorisondamine chloride and domiphen 
bromide (Ciba and Co.*) ; cetylpyridinium chloride (The Wm. S. Merrell Co.*); 
cetyltrimethylammonium bromide (British Drug Houses); hexamethylenbis- 
(trimethylammonium)iodide (hexamethonium iodide) (H. M. Chemical Co.); 
pentamethylenebis(trimethylammonium)bromide (pentamethonium bromide) 
and decamethylenebis(trimethylammonium)bromide (decamethonium bro- 
mide) (Burroughs-Wellcome and Co.*) ; decamethonium iodide (H. M. Chemi- 
cal Co.) ; dodecylacetamidodimethylbenzylammonium chloride (Nopco Chemi- 
cal Co. Inc.). Ethylenebis(trimethylammonium)bromide (dimethonium bro- 
mide), hexamethylenebis(trimethylammonium)bromide, and heptamethy- 
lenebis(trimethylammonium)bromide (heptamethonium bromide) were syn- 
thesized in the laboratory. These polymethylenebis(trimethylammonium)- 
iodides were prepared from the corresponding diamines by methylation with 
methyl iodide using the method of Zaimis (11), except that Ba(OH)2.8H:O was 
used in 10% excess instead of sodium hydroxide. Quaternary ammonium 
iodides, when contaminated with free iodine, were converted to the correspond- 
ing bromides by ion exchange on Dowex 1 resin. The substrate, p-toluene- 


*Gifts of the materials indicated from these commercial sources are gratefully acknowledged. 
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sulphonyl-L-arginine methyl ester hydrochloride (TAME), was obtained from 
Mann Research Laboratories Inc. (lots 105641 and A6526). 


Experimental Methods 
(a) Trypsin Activity 
Trypsin activity was determined by the method previously reported (10), 


except that the final buffer concentration was increased to 0.08 M and calcium 
was omitted. 


(b) Solutions for Activation and Inhibition Studies 

(i) Buffer: 0.16 M tris(hydroxymethyl)aminomethane—HCl, pH 8.1. For pH 
studies (Fig. 5) the pH was adjusted to the indicated values. 

(ii) Test solutions of quaternary ammonium compounds were prepared with 
the above buffer as solvent. 

(iii) Trypsin solution: 8 yg/ml in 10-* N HCl, discarded after 24 hours. 


(iv) Substrate solution: 2X10-* M p-toluenesulphonyl-L-arginine methyl 
ester in water. 


(c) Protocol 

Into each of 3 quartz cuvettes (1-cm light path) were placed 3 ml of a solution 
containing 1X10-* M substrate, 0.08 M buffer, and various concentrations of 
quaternary ammonium compound. To the first (control) cuvette were added, 
by means of a micropipette, 151 yl of a solution containing 5X10-' N HCl, 
0.08 M buffer, and the same concentration of quaternary ammonium compound 
as already in the cuvette. To the second and third cuvettes was added, in 
the same way, 151 yl of a solution identical with that added to the first cuvette, 
except that it contain trypsin. The solution added to the second and third 
cuvettes had previously been allowed to incubate for either 1 minute (in the 
case of methonium compounds) or 5 minutes (with other quaternary ammonium 
compounds) at room temperature to allow activation or inhibition to take place. 
Activation by decamethonium bromide appeared to be complete within 
1 minute but no systematic study of rates of activation or inhibition was made. 
Prolonged exposure of trypsin to alkaline buffer was avoided since this enzyme 
is unstable at pH 8.1 in the absence of calcium (12, 13). 

Additions to the cuvettes were made at 30-second intervals and mixing 
accomplished immediately after each addition. Readings were made alter- 
nately on cuvettes 2 and 3 at 30-second intervals. 


Results 


The inhibitory effects of tetra-n-butylammonium iodide,* cetylpyridinium 
chloride, chlorisondamine chloride, dodecylacetamidodimethylbenzylammo- 
nium chloride (DADB), and domiphen bromide are shown in Fig. 1. These 
compounds differ widely in potency as inhibitors, as might be expected since 
different types of substituents are attached to nitrogen and there are different 


*The data shown for this compound appear to be unreliable at low concentrations. 
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Fic. 1. Effect of various quaternary ammonium compounds upon the esterase activity 
of trypsin. W and M; refer to different trypsin preparations (see text). 


numbers of quaternary groups per molecule. In certain cases, notably with 
DADB (Figs. 1 and 2) and cetylpyridinium chloride, appreciable activation 
(1.25-1.65 fold) was observed at concentrations lower than those causing 
inhibition. It has been shown that calcium aids the hydrolysis of synthetic 
esters (14, 15) but inhibits the hydrolysis of proteins by trypsin (16, 17). 
Thus in the case of calcium, the substrate employed determines whether 
activation or inhibition is produced; the possibility that there is an analogous 
dependence on substrate for the activators and inhibitors studied here should 
not be overlooked. 

The data showing activation by DADB have been replotted using linear 
scales (Fig. 2). DADB activation was optimal in a narrow concentration 
range near 0.002 M and disappeared near 0.008 M. In contrast, cetyltrimethy]l- 
ammonium bromide exhibited a broader and lower optimum. The curves 
obtained with succinylcholine chloride, acetylcholine bromide, and choline 
chloride are all similar in shape (data for the last two being identical), but in 
these cases no optimum was observed. 

When the three simplest quaternary ammonium compounds were examined 
(Fig. 3), tetramethylammonium bromide and tetraethylammonium bromide 
were found to be weak activators comparable in action to choline, acetyl- 
choline, and succinylcholine. A slight inhibition at 0.02 M was observed with 
tetraethylammonium chloride. Tetra-n-propylammonium bromide was ex- 
ceptional since it activated relatively strongly afd the degree of activation was 
found to be dependent upon concentration of activator even at 0.1 M. These 
results are quite different from those obtained with tetra-n-butylammonium 
iodide (Fig. 1), which inhibits strongly at 5X10-* M. The relative effects on 
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Fic. 2. Activation of trypsin by various quaternary ammonium compounds. W and 
M; refer to different trypsin preparations (see text). 


Fic. 3. Activation of trypsin by simple quaternary ammonium compounds. W refers 
to a particular trypsin preparation (see text). 


trypsin activity of these simplest members of the quaternary ammonium series 
present a close parallel to those obtained by Erdés ef al. (18) with plasma 
cholinesterase, using the same compounds. Kalow (9) has recently reported 
that the activation of serum cholinesterases is greater with the tetraethyl- than 
with the tetramethyl-ammonium salt. 

Certain other members of the polymethylenebis(trimethylammonium)halide 
series (methonium compounds) were also tested. The activation curves for 
pentamethonium bromide and heptamethonium bromide (Fig. 4) are very 
similar to that of tetra-n-propylammonium bromide (Fig. 3). Of all the 
quaternary ammonium compounds tested thus far, hexamethonium bromide 
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Fic. 4. Activation of tryspin by methonium compounds and calcium. W and Mi 
refer to different trypsin compounds (see text). 


produced the greatest activation (approx. 2.25-fold), but unlike the other 
members of the series, the activating effect decreased sharply above 0.08 M 
activator concentration. The curve for dimethonium bromide is similar to that 
found with acetylcholine bromide. Decamethonium bromide activates maxim- 
ally at a relatively low concentration (0.04 M), above which there is slightly 
less activation. 

It can be seen that the effect of decamethonium bromide is very similar to 
that of calcium salt, a well-known activator and stabilizer of trypsin (12, 13, 
14, 15). Trypsin, in the presence of 0.02 M calcium acetate, could be further 
activated only 11% by 0.03 M decamethonium bromide, hence the two effects 
are not simply additive. At pH 8.1 and 40° C, the rate of loss of trypsin 
activity was retarded to some extent by 0.03 M decamethonium bromide but 
much less than by 0.02 M calcium acetate. 

The relationship between degree of activation by decamethonium bromide 
and pH is shown in Fig. 5. It will be noted that both in the presence and ab- 
sence of activator the activity decreased markedly as the pH increased above 
optimum; on the other hand, the decline in activity in the absence of the 
activator as the pH is reduced below 7.8 is not observed when activator is 
present. Two other points of note are the slight decrease of the optimum pH on 
introduction of activator and the much greater degree of activation found at 
pH 7.2 than at pH 8.1. These results recall those of Kalow (9), who found that 
progressively greater activation of normal serum cholinesterase was produced 
by tetramethylammonium salt as the pH was lowered from 9 to 6. He also 
found the optimum pH to be shifted to lower Values by this activator. 

The degree of activation of trypsin by decamethonium bromide was found 
to depend upon substrate concentration. Maximum activation was achieved 
with 1.0X10-* M TAME (Fig. 6) and none at 2.0X10-* M. In the absence of 
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Fic. 5. Relation between pH and degree of activation of trypsin by decamethonium 
bromide. 

Fic. 6. Relation between substrate concentration and degree of activation of trypsin 
by decamethonium bromide. 


activator the rate of hydrolysis decreased 62% as the substrate concentration 
increased from 0.5 X10-* to 2.010 but in the presence of activator the rate 
decreased by 77% over this range. A possible explanation of this effect will be 
given in a later section. 

During the early part of this work, Mann trypsin (M,) was employed but 
later, when the supply became nearly exhausted, the investigation was con- 
tinued using Worthington trypsin (W). It became apparent at once that the 
maximal degree of activation achieved with decamethonium was much less 
with W than with M;. A second sample of Mann trypsin (M:) was found to be 
activated no more than W;; nevertheless the results obtained with M; could be 








1200 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 


repeated. A study was then made of the effect of 0.03 M decamethonium 
bromide (DMB) on trypsin preparations from a variety of sources, and the 
results are given in Table I. 


TABLE I 


Activation of trypsin from various sources by decamethonium bromide (DMB) 














Activity Tt 
Enzyme 

Type of Extinction concn. Without With % activation 
trypsin coefficient* (ug/ml) activator activator (0.03 M DMB) 

M, 4.33 0.192 74.7 136.4 84 

M, 1.33 0.192 54.7 102.3 82 (Fig. 5) 

W }.as 0.096 Ba.2 88.7 70 

W 1.23 0.383 57.6 84.6 48 

W 1.23 0.383 58.5 96.4 65 

W 4.23 0.383 65 (Fig. 4) 

Ms; JR 0.192 66.8 110.7 66 

< 4.35 0.192 66.4 109.6 65 

A 1.35 0.192 66.8 109.0 63 

M2 1.41 0.192 70.0 110.6 57 (Fig. 6) 

N 1.50 0.192 130.5 191.5 47 





*Expressed as absorbance at 280 my/cm/mg/ml in 10-* N HCl (cf. 10, 19). 
tExpressed as 10° absorbance change/minute/ug enzyme/ml). 


These data show a slight degree of correlation between enzyme activity and 
degree of activation by decamethonium. Preparation N, with the highest 
specific activity, was activated least. The variation in degree of activation of 
these preparations may result from different manufacturing methods which 
produce different degrees of denaturation, reversible or otherwise. Electro- 
phoretic experiments in this laboratory have shown that most commercial 
trypsin preparations contain from 30% to 60% protein inactive towards 
TAME. Liener and co-workers have recently shown that the specific activity 
of highly purified trypsin can be increased by separation from inactive protein 
either by extraction with buffer (20) or by ion-exchange chromatography (21). 
Possibly some of this inactive material (thought to arise largely from tryp- 
sinogen activated in the absence of calcium (21)) can be reactivated by 
quaternary ammonium compounds. The data of Table I may thus reflect the 
relative proportions of irreversibly denatured, reversibly denatured, and active 
enzyme in each preparation. 


Discussion 


It seems improbable that the inhibiting and (or) activating effects of all the 
compounds studied here became manifest through the same process. A possible 
mechanism by which simple mono- and bis-quaternary ammonium compounds 
may bring about the effects described in this paper are outlined schematically 
in Fig. 7, where a loop or fold in the N-terminal region of the trypsin poly- 
peptide chain is depicted in a manner conceived by Neurath (22). In this 
region, on opposite sides of the fold, are indicated two essential components of 











HUMMEL: ACTIVATION AND INHIBITION OF TRYPSIN 1201 








HN 739 NONPOLAR ACTIVE 
Q 6 6 .* REGION CENTER 
HEN zz nM a 
6 © ube | 


' 
1 
' ° 
' H 

1 


! 

! 

_— 

, Ps, ee at 
4 





re) we 


iu E (ACTIVE) 
E (INACTIVE) i | 


- 




















7 ss Y 
- HEN ear eee 
a. aii St Whe: 
a —— ii fe 
' i 
\ I H o 7e- 
6 ao” Laman cad 
EA OR EA’ (ACTIVE) 
—_ fo A: @—Z — 
EA, OR EA, (INACTIVE) pa 
wv 


Fic. 7. Schematic representation of a mechanism by which quaternary ammonium 
compounds may activate and inhibit trypsin. 


the active center of the enzyme (23), namely an hydroxyl group of serine and 
an imidazole group of histidine. Several postulated regions (cross-hatched) 
which bind non-ionic groups by Van der Waals forces are shown as well as 
anionic groups. Structure I represents partly unfolded, inactive protein. In 
this state of the molecule, the components of the active center have temporarily 
lost their catalytic capacity due to their separation beyond the critical range in 
which the formation of an enzyme-substrate complex is possible. Structure I 
is assumed to be in equilibrium with structure II, in which the components of 
the active center are in the physical relation to one another required for catal- 
ysis. The relative proportions of I and II are assumed to be dependent upon 
pH, temperature, and composition of the solvent. Upon addition of singly 
charged tetra-alkylammonium compounds (A) or doubly charged bis-quatern- 
ary ammonium compounds (B), binding of activator occurs in such a way 
(structure III*) as to favor formation of the active center, thus increasing the 
ratios of catalytically active to inactive protein. The efficiency with which this 
reorientation is induced by bis-quaternary ammonium compounds may depend 
upon the maximum distance between cationic groups of the activator, as is 


*Structure III is similar to the active complex (E’) between anionic detergents and trypsin 
postulated by Viswanatha et al. (24). 











1202 CANADIAN JOURNAL OF BIOCHEMISTRY AND PHYSIOLOGY. VOL. 39, 1961 





160} 4 
140; 4 
120} 4 


100 }- 4 


ACTIVATION 


80+ 4 


%o 


60+ + 
40 + 
2 . = F 10 
n 





20 
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(n) in methonium compounds. The activation values were taken from Fig. 4. Where 
n = 5 the value given corresponds to 0.1 M activator concentration and is considered to 
be nearly maximum. 
suggested by Fig. 8 in which the maximum activation values of Fig. 4 have 
been replotted. Dimethonium and pentamethonium produce suboptimal 
activation due to their short chain length, possibly as a result of their tendency 
to produce a more tightly folded and catalytically less active structure than II] 
(Fig. 7). Hexamethonium, on this basis, produces structure III (Fig. 7), which 
is close to optimal, while heptamethonium and decamethonium produce struc- 
tures similar to III with the components at greater than optimal distance but 
nevertheless sufficiently close for catalysis to be possible. The higher homo- 
logues of the polymethylenebis(trialkylammonium) series, due to the relatively 
large number of their possible conformations, would be expected to function 
less efficiently as trypsin activators than the lower members; with the latter the 
distance between quaternary ammonium groups is less variable. Further in- 
creasing the concentration of activator may increase the number of activator 
molecules bound to each protein molecule (Fig. 7, structure IV); the resultant 
mutual repulsion of cationic groups would then increase the distance between 
the arms of the loop in the polypeptide chain and thus disrupt the active 
center. If reversal of activation is brought about in this way, it seems probable 
from the data of Fig. 1 that the tetra-n-butylammonium ion is much more 
strongly bound to the enzyme than are the lower members of its homologous 
series; a relatively low concentration of the butyl derivative would thus be 
required to convert a large proportion of the enzyme to structure IV. 
Calcium salts, presumably due to the relatively small size of the calcium ion, 
may be able to produce structure III by binding relatively few pairs of anionic 
sites at which very close approach of the latter is not prevented by steric 
hindrance. The relative inefficiency of calcium as an activator may thus be 
explained. Since high concentrations (e.g. 0.1 M) of calcium acetate are not 
inhibitory, structure IV does not appear to bé produced. 
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Since a number of anionic and other groups exist in the trypsin molecule, 
the scheme shown in Fig. 7 implies that the relative proportions of the struc- 
tures III and IV would depend upon the number of these sites, their proximity 
to the active center, their relative affinity for various activators, and the con- 
centration and structure of the latter. 

The data given in Figs. 5 and 6 require further comment. It is conceivable 
that the activation effects discussed above have arisen from a displacement of 
the optimum substrate concentration to a lower value in the presence of a 
quaternary ammonium compound and the fortuitous selection of 1X10-* M 
TAME. This possibility is not excluded by the data of Fig. 6, although it 
appears that such a shift is not pronounced. Activation studies at substrate 
concentrations below 5X10-* M are obviously called for. Further studies will 
also be required to determine whether the pH effects shown in Fig. 5 are general 
or must be attributed to a chance selection of a particular combination of 
activator and substrate concentrations. 

The abolition of activation by increasing the substrate concentration to 
2xX10-* M (Fig. 6) may be to the displacement by the substrate of the bound 
quaternary ammonium compound from structure III (Fig. 7). At high concen- 
trations the substrate (either in the presence or absence of activator) may thus 
be bound to a significant degree at sites other than the active center and 
produce an inactive structure analogous to IV. Pursuing further this concept 
of the double competition between activator and substrate, it seems possible 
that the reversals of activation in certain cases (Fig. 1) are due to the displace- 
ment by the quaternary ammonium compound of the substrate from the active 
center (i.e. normal competitive inhibition). The importance of these two types 
of competitive inhibition in relation to the mechanisms proposed in Fig. 7 
remains to be established by a more detailed study of the dependence of 
activation upon pH, substrate concentration, and activator concentration. 
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NOTES 





CONFIGURATION OF §-PHENYLLACTIC ACID 
(2-HYDROXY-3-PHENYL-PROPIONIC ACID)* 


A. C. NEISH 


8-Phenyllactic acid is a constituent of human urine. It may reach relatively 
high concentrations with individuals that are unable to metabolize phenyl- 
alanine normally. Zeller (1), who reviewed earlier work in this field, isolated a 
sample of phenyllactic acid from the urine of an “Imbecillitas phenylpyruvica”’ 
patient and found it to be the levorotatory isomer. Clough (2) has assigned 
the L-configuration to levorotatory 8-phenyllactic acid by comparing its optical 
rotation and that of several derivatives with rotations of several a-hydroxy 
acids of known configuration and their corresponding derivatives. This type 
of evidence is not conclusive by itself (3) but the above configuration is sup- 
ported by two other, entirely different, lines of evidence. 

L-Phenylalanine, on treatment with nitrous acid, forms (—)-phenyllactic 
acid (4, 5). This is a convenient method for preparing optically pure isomers of 
8-phenyllactic acid (6). Since the asymmetric center is attacked during this 
reaction, it is possible a Walden inversion has occurred. However, where the 
configurations are known, it has been found that nitrous acid converts a-amino 
acids to a-hydroxy acids without inversion (3) so it is probable that the levo- 
rotatory acid obtained from L-phenylalanine is actually L-(—)-phenyllactic 
acid. 

This conclusion receives additional support from the experiment described 
below in which it has been found that levorotatory phenyllactic acid is formed 
on reduction of phenylpyruvate by crystalline muscle lactic acid dehydro- 
genase. Meister (7) has shown that this enzyme can catalyze several reactions 
of the typef 

R—CH:—CO—COO- + DPNH + H* —=— R—CH:—CH(OH)—COO- + DPN?*. 


Several a-keto acids are reduced at measurable rates although the reaction is 
most rapid with pyruvate. The enzyme is not entirely specific with regard to 
the R group but Kubowitz and Ott (8) found it to be specific for L-lactic acid. 
The D-isomer was not attacked in the reverse reaction. It is reasonable to 
assume that other a-hydroxy acids formed by this enzyme also have the 
L-configuration. The phenyllactic acid isolated was thus L-(—)-phenyllactic 


*Issued as N.R.C. No. 6315. 


{DPNt and DPNH are the oxidized and reduced forms of diphosphopyridine nucleotide, 
respectively. ? 


Can. J. Biochem. Physiol. Vol. 39 (1961) 
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acid. Schwink and Adams (9) have used the same line of reasoning in assigning 
the configuration of p-hydroxyphenyllactic acid. 

The special chemicals and enzymes used were obtained from the Sigma 
Chemical Company. DPN*+ (2.34 mmoles) was reduced by ethanol using 
alcohol dehydrogenase (10). When reduction was complete the pH was ad- 
justed to 7.6, the alcohol dehydrogenase inactivated by heating at 80° for 
3 minutes, and the solution concentrated to half volume under reduced pressure 
to remove ethanol and acetaldehyde. The residue was adjusted to 40 ml and 
found to contain 1.58 mmoles of DPNH, as measured by absorption at 340 my. 
A solution of 1.6 mmoles of sodium phenylpyruvate in 15 ml of water was added 
as well as 7 mg of crystalline muscle lactic acid dehydrogenase (560,000 units). 
The oxidation of DPNH was followed by measuring absorption at 340 my. 
Further additions of enzyme (6-mg portions) were made after 2 hours and after 
6 hours. The reaction was allowed to run overnight and the solution then 
acidified with 7 ml of 5 N sulphuric acid. The phenyllactic acid was isolated by 
continuous extraction with ether and purified by recrystallization from carbon 
tetrachloride and from water (using charcoal). This gave 102 mg of colorless 
crystals: m.p. 124-125° (corr.); [a]3: = —22.8°, c = 1.4 (water). These con- 
stants agree closely with those of a sample prepared by treating L-phenylalanine 
with nitrous acid. A mixed melting point of these two samples showed no 
depression. 


This work was carried out in the Department of Biochemistry of the Univer- 
sity of California at Davis, and was supported by U.S. Public Health Service 
Grant RG-5301, administered by Dr. E. E. Conn. The author is grateful for 
the assistance rendered by Dr. Conn. 
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NOTE ON BLOOD METABOLITE AND ELECTROLYTE LEVELS 
IN THE HYPOTHERMIC HAMSTER* 


Joun R. BEATON 
With the technical assistance of T. ORME 


In recent reports from this laboratory (1, 2) alterations in the levels of blood 
metabolites and electrolytes in rats consequent upon hypothermia have been 
described. Since the rat is not a natural hibernator, the present study was 
undertaken to ascertain if similar changes would be observed in a hibernator, 
such as the hamster, on induction of hypothermia. Any differences between 
these species might provide an indication of the mechanisms concerned in the 
successful resuscitation and survival of hypothermic rats (3). 


Methods 


Eighteen adult, female hamsters weighing 150-180 g were divided into two 
comparable groups. Food was withdrawn 18 hours before experiment to 
eliminate the variable effects of food ingestion on levels of blood metabolites. 
Cooling was carried out by placing unanesthetized animals in individual, 
cylindrical screen cages under ice until a rectal temperature of approximately 
14° C was attained. For both control and hypothermic hamsters, blood samples 
were withdrawn by syringe from the exposed heart (right ventricle) following 
intraperitoneal injection of sodium pentobarbital in 0.85% aqueous sodium 
chloride at a level of 10 mg/100 g body weight. The blood was heparinized to 
prevent coagulation. Measurements were made for packed cell volume and 
pH on whole blood ; glucose, lactic acid, and inorganic phosphorus were assayed 
in protein-free filtrates of blood; sodium, chloride, and potassium levels were 


determined in plasma. The analytical procedures used were those described 
previously (1, 2). 


Results and Discussion 


The results of blood analyses are shown in Table I. As in the rat (1), induc- 
tion of hypothermia in the hamster lowered the pH of the blood and increased 
the blood packed cell volume, lactic acid, and inorganic phosphorus levels. It is 
possible that the decrease in blood pH due to hypothermia may be a consequence 
of an increase in CO, content (6) and (or) of increased levels of organic acids 
such as lactic acid. The latter explanation is unlikely since urea prevents 
lactic acid increase in rats but does not alter blood pH (1). In contrast with 
its effect in the rat (1, 2), hypothermia, in the hamster, did not cause an increase 
in plasma chloride level nor a significant decrease in blood glucose level. 
Indeed, although considerable variation is apparent, the mean blood glucose 

*DRML Report No. 109-6, PCC No. D50-93-10-72. 
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TABLE I 


Blood pH, packed cell volume, metabolite, and electrolyte levels in hypothermic hamsters 
(Results expressed as mean + standard error of the mean for nine hamsters/group) 








Probability, 
P 





Controls Hypothermic 

Rectal temperature, °C 36+0.10 14+0. 33 <0.001 
Blood packed cell volume, % 44+0.63 so+1.9 <0.001 
Blood pH, units 7.32+0.018 6.88+0.033 <0.001 
Blood glucose, mg% 155+9.1 140+13.2 
Blood lactic acid, mg% 47+9.9 89+5.1 <0.01 
Blood inorganic phosphorus, mg% 4.240.253 6.3+0.21 <0.001 
Plasma sodium, meq/l. 185+2.8 180+2.3 — 
Plasma chloride, mg% 357+7.4 351+6.3 — 
Plasma potassium, meq/I. 6.0+0.23 5.4+0. 23 _- 





level of fasted, control hamsters was markedly higher than we have observed 
in fasted rats. This relatively high level of blood glucose in fasting hamsters 
was observed in three separate experiments. Lyman and Leduc (4) found that 
the blood glucose level of hibernating hamsters is slightly higher than that of 
active hamsters. Brock (5) has reported recently that the inorganic phos- 
phorus level in erythrocytes and plasma of hamsters increases during hiberna- 
tion. This is of interest in relation to our finding of an increase in blood inor- 
ganic phosphorus in the hypothermic hamster as well as in the hypothermic 
rat (1). 

We have reported that rats cooled to rectal temperatures of 0-3° C do not 
survive in a normal condition without some form of pretreatment such as 
administration of urea or acetazoleamide (3). Using the resuscitation pro- 
cedure previously described (3) we have observed that hamsters cooled to 
rectal temperatures of 0-3° C can be successfully resuscitated, and survive 
without abnormalities, in the absence of any form of pretreatment. We sug- 
gested previously (1) that prevention, by urea, of hypoglycaemia in cooled, 
fasted rats may predispose to successful resuscitation. It is of interest that, in 
the present study, the level of blood glucose in fasted hamsters was relatively 
high and was not significantly decreased by induction of hypothermia. The 
maintenance of blood glucose level may be related to the hamster’s ability to 
recover from deep hypothermia in the absence of any pretreatment. Such a 
conclusion, however, requires further experimental evidence. 


. J. R. BEatTon. Can. J. Biochem. and Physiol. 38, 709 (1960). 

. J. R. Beaton. Can. J. Biochem. and Physiol. 39, 1 (1961). 

. J. R. BEATON and J. HuNTER. Can. J. Biochem. and Physiol. 38, 305 (1960). 
. C. P. Lyman and E. H. Lepuc. J. Cell. and Comp. Physiol. 41, 471 (1953). 
. M. A. Brock. Am. J. Physiol. 199, 195 (1960). 

. J. J. OsBporn. Am. J. Physiol. 175, 389 (1953). 


Duk wre 


RECEIVED Marcu 10, 1961. 

DEFENCE RESEARCH MEDICAL LABORATORIES, 
P.O. Box 62, PostaL STATION ‘‘K”’, 

TORONTO, ONTARIO. 











PHYSIOLOGY, 
BIOCHEMISTRY AND 
PHARMACOLOGY 


A comprehensive monthly abstracting publication of Excerpta Medica cover- 
ing the world’s medical literature, fully classified under the following major 
headings: Biochemistry; Nutrition; Metabolism; Digestive System; Respira- 
tion; Circulation; Body Fluids; Excretion; Organs of Movement; Nervous 
System; Sense Organs; Reproduction; Aviation Physiology; Skin; General 
Physiology; Toxicology; Special and General Pharmacology. 


1400 pages containing approximately 6000 abstracts a year 
Price: $50.00 a year 


EXCERPTA MEDICA FOUNDATION 


N.Y. ACADEMY OF MEDICINE BUILDING, 2 EAst 103Rp Sr., 
NEw YorkK 29, N.Y. 





DT 


NOTES TO CONTRIBUTORS 
Canadian Journal of Biochemistry and Physiology 


MANUSCRIPTS 


General.—Manuscripts, in English or French, should be typewritten, double spaced, 
on paper 844X11 in. The original and one copy are to be submitted. Tables, and 
captions for the figures, should be placed at the end of the manuscript. Every sheet of the 
manuscript should be numbered. Style, arrangement, spelling, and abbreviations should 
conform to the usage of recent numbers of this journal. Greek letters or unusual signs should 
be written plainly and explained by marginal notes. Superscripts and subscripts must be 
legible and carefully placed. Manuscripts and illustrations should be carefully checked 
before they are submitted. Authors will be charged for unnecessary deviations from the 
usual format and for changes made in the proof that are considered excessire or unnecessary. 


Abstract.—An abstract of not more than about 200 words, indicating the scope of the 
work and the principal findings, is required, except in Notes. 


References.—These should be designated in the text by a key number and listed at the 
end of the paper, with the number, in the order in which they are cited. The form of the 
citations should be that used in this journal; in references to papers in periodicals, titles should 
not be given, and initial page numbers only are required. The names of periodicals should be 
abbreviated in the form given in the most recent List of Periodicals Abstracted by Chemical 
Abstracts. All citations should be checked with the original articles. 


Tables.—Tables should be numbered in roman numerals, and each table referred to in 
the text. Titles should always be given but should be brief; column headings should be 
brief and descriptive matter in the tables confined to a minimum. Vertical rules should not 
be used. Numerous small tables should be avoided. 


ILLUSTRATIONS 


General.—All figures (including each figure of the plates) should be numbered con- 
secutively from 1 up, in arabic numerals, and each figure should be referred to in the text. 
The author’s name, title of the paper, and figure number should be written in the lower left- 
hand corner of the sheets on which the illustrations appear. Captions should not be written 
on the illustrations, 


Line drawings.—Drawings should be carefully made with India ink on white drawing 
paper, blue tracing linen, or co-ordinate paper ruled in blue only; any co-ordinate lines that 
are to appear in the reproduction should be ruled in black ink. Paper ruled in green, yellow, 
or red should not be used. All lines must be of sufficient thickness to reproduce well. Deci- 
mal points, periods, and stippled dots must be solid black circles large enough to be retained 
when reduced. Letters and numerals should be neatly made, preferably with a stencil (do 
NOT use typewriting), and be of such size that the smallest lettering will be not less than 
1 mm high when the figure is reduced to a suitable size. Many drawings are made too large; 
originals should not be more than 2 or 3 times the size of the desired reproduction. Whenever 
possible two or more drawings should be grouped to reduce the number of cuts required. In 
such groups of drawings, or in large drawings, full use of the space available should be made; 
the ratio of height to width should conform to that of a journal page (434 X74 in.), but 
allowance must be made for the captions. The original drawings and one set of clear 
copies (e.g. small photographs) are to be submitted. 


Photographs.—Prints should be made on glossy paper, with strong contrasts. They 
should be trimmed so that essential features only are shown and mounted carefully, with 
rubber cement, on white cardboard, with no space between those arranged in groups. In 
mounting, full use of the space available should be made. Photographs are to be sub- 
mitted in duplicate; the duplicate set of grouped photographs should be unmounted. 


REPRINTS 


A total of 100 reprints of each paper, without covers, are ns free. Additional re- 
prints, with or without covers, may be purchased at the time of publication. Charges are 
based on the number of printed pages, which may be calculated approximately by multiplying 
by 0.6 the number of manuscript pages (double-spaced typewritten sheets, 844 X11 in.) and 
including the space occupied by illustrations. Prices and instructions for ordering reprints 
are sent out with the galley proof. 





CONTENTS 


BIOCHEMISTRY 


W. B. McConnell and A. J. Finlayson—Studies on wheat plants using carbon-14 
compounds. XV. Utilization of serine-1-C" and serine-3-C™ 


O. L. Gamborg, L. R. Wetter, and A. C. Neish—The role of plant phenolic 
compounds in the oxidation of reduced ean on by 
ny s+ ss 3 6 6 so. 6 4 


H. B. Stewart and K. P. Strickland—The preparation of labelled L-a-glycero- 
phosphate using a stable yeast extract 


H. B. Stewart and K. P. Strickland—The preparation of P*-labelled adenine 
nucleotides using a stable yeast extract 


H. B. Stewart—Glycolysing properties of a stable yeast extract... . 


A. Vardanis and R. M. Hochster—On the mechanism of glucose metabolism in 
the plant tumor-incuding organism Agrobacterium tumefaciens 


Harold J. Perkins and C. Tyrrell—An improved two-dimensional scanner for 
radiochromatograms 


I. Gy. Fazekas, A. Gy. Fazekas, and B. Rengel—Changes in glutamic acid - 
oxaloacetic acid = transaminase activity in the liver and kidneys on the 
effect of high doses of Pyramidon (aminopyrine) 


Brian C. W. Hummel—The activation and inhibition of trypsin by quaternary 
ammonium compounds 


Notes: 


A. C. Neish—Configuration of $-phenyllactic acid (2-hydroxy-3-phenyl- 
propionic acid) 


PHYSIOLOGY 


T. K. Murray and H. C. Grice—Absorption of vitamin A after thoracic duct 
ligation in the rat 


G. A. Robinson, K. G. McNeill, R. M. Green, and H. C. Rowsell—The biological 
half-life of K* in the cow and the obese pig 


Notes: 


John R. Beaton. With the technical assistance of T. Orme—Note on blood 
metabolite and electrolyte levels in the hypothermic hamster . . . 








